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SINGLE-CYLINDER ENGINE TESTS OF SUBSTITUTE 
MOTOR FUELS 


By Donald B. Brooks 


ABSTRACT 


Single-cylinder-engine tests of nonhydrocarbon fuels and gasoline, at fixed 
compression ratio and at the compression ratio for trace knock for each fuel, 
show no material differences in performance other than those associated with 
differences in heats of combustion and vaporization. All the nonhydrocarbon 
fuels could be operated at compression ratios higher than was permissible with 
the gasoline, with corresponding increases in power and thermal efficiency. 
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I. SCOPE OF INVESTIGATION 


The work reported herein is a portion of an extensive investigation 
of substitute motor fuels conducted by the National Bureau of Stand- 
ards for the United States Foreign feonomic Administration. The 
Bureau’s part in this investigation, begun in 1942, was to develop 
technical information on the utilization of substitute fuels that could 
be produced in foreign countries where petroleum products were 
scarce and where military exigencies required the use of automotive 
transport. Considerations of economics and production specificall 
were not part of the investigation as assigned to this Bureau, though 
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it was understood that no data were to be developed on materials th 
production of which would involve unreasonable costs. 

The objective of the work covered by this report was to determine 
on a precision test engine, the power, thermal efficiency, and com 
bustion performance of each of a series of substitute fuels and ¢ 
gasoline, both at the compression ratio giving trace knock on gasolir: 
and at the compression ratio at which trace knock prevailed wit 
each fuel. 


II. FUELS, TEST EQUIPMENT, AND PROCEDURE 


The fuels used in this work were selected from those used in the 
liquid-fuels phase of the major investigation, and included only nop: 
hydrocarbon fuels, with the exception of the reference gasoline 
Table 1 gives the composition, knock rating, and experimental heat oj 
combustion as determined by bomb calorimeter of each fuel used in 
this part of the work. The heat of combustion values were deter- 
mined by R. S. Jessup of this Bureau, and are believed to be accurat 


to 0.1 percent. 
TABLE 1.—Data on test fuels 








Heat of combus- 
tion, Btu/lb at Octane number 
at 30° C 

Composition 





ASTM CFR 


i 1) 
Higher Lower motor research 





Reference gasoline__....................-- wuaie (*) (s) 
..-| 190-proof ethy] alcohol_______ ees . 10, 570 
K tame pe alcohol... __. 73 11, 520 
75 percent et 





anol, 25 percent diethy! ether__. 1 12, 850 

e seaseddetaiacmaneess . 18, 810 

.| 50 percent acetone, 50 percent butanol | Lf 13, 270 

27 percent acetone, 6 percent ethanol, 67 percent | q 13, 500 
butanol. | 

28.5 percent acetone, 71.5 percent butanol | 13,690 


Reference gasoline... ._.- 














* Assumed to be same as for fuel E. 
> Milliliters of tetraethy] lead per gallon of isooctane. 


The test apparatus consisted of a CFR (Coordinating Fuel Research 
Committee) single-cylinder variable-compression engine direct-con- 
nected to an essentially constant-speed alternating-current dyna- 
mometer, and provided with all necessary test instruments. Fuel was 
injected into the intake pipe, the stroke of the injector being con- 
trolled with a micrometer screw. Spark advance was indicated by 
the capacitance discharge of a neon tube mounted in an insulating 
disk attached to the crankshaft. The temperature of a thermal 
plug screwed into the cylinder head was shown on an automatic 
indicating potentiometer graduated in degrees Fahrenheit. As the 
engine is in effect hopper-cooled, coolant temperature is automatically 
maintained at the boiling point. Fuel consumption was determined 
by noting the time required to use one-fourth pound of fuel. 

With the engine operating at best-power mixture ratio and optimum 
spark advance on gasoline (reference fuel blend) of 70 motor octane 
number, the compression ratio was adjusted to give trace knock. The 
ratio so found was 5.11. Each fuel was tested under this condition; 
each fuel was also tested under the compression ratio at which the 
fuel itself gave trace knock at best-power mixture ratio’and optimum 
spark advance. 
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The same test procedure was followed with each fuel. The fuel 
low was adjusted initially to approximately the least rate at which 
onsistent firing could be obtained. While operating at this rate, 
wo or more measurements of fuel consumption were made. Coinci- 
entally, observations of power and of thermal-plug temperature 
vere made at a series of spark settings from full retard to full advance, 
arange of about 40 degrees. At the conclusion of these readings, the 
fuel flow was increased and the observations were repeated. This 
was continued, in appropriate steps, to a fuel flow about 50 percent 
creater than that giving maximum power. Readings of barometric 
pressure, ambient temperature, atmospheric humidity, and engine 
friction were taken frequently throughout the tests. 

Power and fuel-consumption rates were corrected to standard con- 


‘ 


ditions of 59° F. and 29.53 in. Hg dry air pressure by the formula 


90 n° amen il 
P, Pepi oe 


é 





~~ “B—hW5i9 ”’ 
where 
P,=observed power or fuel consumption 
P,=corrected power or fuel consumption 
: B =barometric pressure, in. Hg 
h =pressure of water vapor, in. Hg 
t =intake air temperature, °F. 


III. TEST RESULTS 


The sum of the brake and friction power readings at each rate of 
fuel flow was plotted against the respective spark advance. A sample 
of the resulting curves is shown in figure 15. The coordinates of the 
peak of each curve were determined and tabulated, together with the 
faired values of indicated power at each 5 degrees of spark advance. 
These values are given in tables 2 to 15. 


TABLE 2.— Power and economy tests on reference gasoline—first run 
The lower set of data was obtained on a different day from the upper set 
{Compression ratio 5.11] 






































Indicated horsepower at spark advance of— Maxi- 
Fuel Se Se ae ae ee _| mum Opti- | Specific 
con- | Fuel heat | l | l | indi- | mum | fuel con- 
sump-| input | } cated | spark | sump- 
tion 40) 45° 50° | «655° «|:«S(60° 65° 70° | horse | advance; tion 
| | | | power 
| | 
Btu/hrX | lb/ihp- 
b/hr 10-8 | | | Degrees hr 
t 114.2 12. 08 12. 34 12. 46 12. 48 12. 45 12. 36 12. 25 12. 49 53.9 0. 453 
YS 120. 6 12. 42 12.64 | 12.71 12.71 12. 65 12. 54 12. 38 12. 73 52. 2 . 470 
6. 49 130.9 | 12.65 12.78 | 12.79 12. 73 12. 62 12. 45 12. 24 12. 80 49.0 . 507 
6.7 136.1 | 12.64 12.78 | 12.80 12. 68 12. 49 12. 27 12. 00 12. 80 7.7 . 527 
28 146.8 | 12.55) 12.63 | 12. 64 12.57 | 12.42] 12.19] 11.93] 1264 47.6 . 576 
5.21 105.1 | 9.90] 10.39 | 10.76 | 10.81 | 10.70} 10.55] 10.38 | 10.83 53.0 . 481 
aed 20.6 | 12.31 | 12.49 12. 58 12. 59 12.56 | 12.49 12. 39 12. 59 54.5 . 475 
6. 56 $2.3) 12.42] 12.54] 1258] 12.55] 12 46 | 1233) 1214) 12.58 50. 6 . 521 
6. 83 137.8 | 1254] 1268] 1272] 1269] 12.59 | 1244) 1225) 1272 50.6 . 537 
i. 34 158. 1 12. 38 12.51 | 12.56] 12.50 12. 37 12.17 11. 83 12. 56 50. 0 . 624 
5. 06 172.7 12. 04 12. 26 12. 40 | 12. 36 12.19 | 11. 96 11. 69 12. 42 51.0 . 689 
1.43 190.2! 11.60} 11.90] 1209! 1212! 1203) 11.88] 11.65] 12.12 53.7 72 
U. 15 205. 3 10.94 | 11.32 11.6 11.74 | 11.78 | 11.77 11.70 11. 78 61.1 
! | 
Maximum power 12.80 at 6.60 lb/hr. Minimum values........................... 47.5 0. 452 
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TABLE 3.—Power and economy tests on 190-proof ethyl alcohol 


(Compression ratio 5.11] 





Indicated horsepower at spark advance of— 
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TABLE 4.—Power and economy tests on 200-proof ethyl alcohol 
[Compressed ratio 5.11] 





Indicated horsepower at spark advance of— 





Specific 
fuel con- 
sump- 
tion 





10. 20 
11.62 
12. 35 
12. 92 
12.74 
12. 85 
12. 87 
, b q 12.82 
12.23 | 12.39 | 12.45 | 12.46 | 12.44 



































13.38 at 11.00 Ib/hr. Minimum values 
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TasBLe 5.—Power and economy tests on ether blend, fuel D 
[Compression ratio 5.11] 








Indicated horsepower at spark advance of— 
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12.60 | 12.56 | 12.60 
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13.41 at 10.00 lb/hr. Minimum values-. 














TABLE 6.— Power and economy tests on blend 1 


{Compression ratio 5.11] 








Indicated horsepower at spark advance of— 














12. 32 





























13.15 at 9.50 lb/hr. Minimum values... 
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TABLE 7.— Power and economy tests on blend 2 - 


[Compression ratio 5.11] 








Indicated horsepower at spark advance of— 

















12.90 | 12.68 
12.84 | 12.61 
. 12.82 | 12.60 
12.81 | 12.81 | 12.74 | 12.62 
12.45 | 12.54 | 12.53 | 12.45 
12.03 | 12. 12.20 | 12.20 
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Maximum power...... 13.21 at 9.15 lb/hr. Minimum values... 

















TABLE 8.— Power and economy tests on blend 


{Compression ratio 5.11] 








Indicated horsepower at spark advance of— . 
|mometer 
Opti- plug 
mum | Specific | temper- 
fuel con-| ature at 
sum p- opti- 
tion mum 
|spark ad- 
vance 





| 





Btu/hr 


_— 


SLRAELAT 


Degrees 
9. 02 § 65 9. 6 9. 66.4 
10. 53 . 04 . . 04 67 
11. 66 % 8 82 . . 8 60. 
12. 49 2 . 30 2. 2.! §2. 
12.81 2.60 | 12.36 2. 8: 53. 
13.12 3. . BE 2.61 | 12.33 3. 49. 
; 13.07 | 12. . 2. 53 | 12. : ’ 49. 
12.87 | 12.93 | , 72 2. 52 | 12.2 . 49. 
12.70 | 12.83 | 12.77 | 12.66 | 12.46 | 12.22] 12.8: 51. 
12.25 | 12.46 | 12.52 | 12.50 | 12.44 ! 5 56. 
11.70 | 11.91 | 11.98 | 12.00 | . 97 | . 92 2. 58. 
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13.10 at 8.95 Jh/hr. Minimum values . scoal 68 
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TapLe 9.—Power and economy tests of 190-proof ethyl alcohol 


{Compression ratio 9.91] 





Indicated horsepower at spark advance of— 


Maxi- 
Fuel I" i mum 
heat | aa 
ao input 4 p | h 

tion « orse- 
power 





lb/thp- 
hr 


14. 47 . 26 ‘ , ‘ ‘ 0. 595 
14. 99 . 63 .16 | 13. ‘ 38. . 597 
15. 52 . 10 6 ; ; { .617 
15. 90 . 48 ' q ‘ 37. . 658 
15. 94 | 15. 59 17 7 ; ‘ . 703 
16.06 | 15.78 1 ' ’ ’ . 756 
.é b b 15.87 | 15. 69 ‘ JL 5. , 824 
| 165. 4 5. " ‘ 15. 63 . 58 ; 2! .6 ’ . 901 
| 176.8 | . 23 | b . 93 eed 15. 01 . 98 7 5.0% A 1.001 
| | | | | 















































Maximum power... 16.18 at 11.45lb/hr. Minimum values | 37.3 0. 595 


TABLE 10.—Power and economy tests of 200-proof ethyl alcohol 


—- {Compression ratio 9.91] 
Ther 
—— | | Indicated horsepower at spark advance of— 
plug 
tem per- | 





ature at 
opti- Opti- 

mum Fuel mum 

park ad- Pd heat . spark 

vance ion jinput | ose | +: , ° ad- 
. j 7 vance 





14.02 
15. 31 
5. 10 
5. 17 
5. 12 

. 83 
46 

. . 99 
201. 3. ‘ . 76 






































aximum power... 16.18 at 10.65 lb/hr. Minimum values 
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TABLE 11.—Power and economy tests of ether blend, fuel_D 


[Compression ratio 8.60] 














Indicated horsepower at spark advance of— 





power vance 











13. 28 
14.23 | 14. 
14.92 | 14. 
15.35 | 14. 
15.65 | 15.37 | 14.¢ 

| 15.58 | 15.37 | 15.0: 
15.47 | 15.34 | 15.09 | 
15.21 | 15.22 | 15.06 | 14.8% 
14.84 | 14.90 | 14.87 | 14.76 . 
14.50 | 14.61 | 14.6 14. 53 | 14. 25 


























Maximum power . . . 15.70 at 9.70 lb/hr. Minimum values. ; : 36. 5 


TABLE 12.—Power and.economy tests of blend 1 


{Compression ratio 8.18] 





Indicated horsepower at spark advance of— 


ncnaindsinadateniiinnsiey sainatianiebapinditenininginadiidl | 

| 
Opti- 
mum 

| spark 
ad- | 

| vance 


| Maxi- 
mum 

indi- 

cated 
60° | horse- 
| power 


| 


Spe- 
cific 
fuel 
con- 
sump- 
tion 


6. 25 8.57 | 9.82] 10.72) 11.32] 11. , 12.04 | 12.12 
6.61 1 | 10.46 | 11.53 | 12. 2.52 | 12.75 | 12.5 2.70 | 12.34 | 12.83 
6. 96 1 | 11.78 | 12.93 | 13.33 .47 | 13. 3. 2.99 | 12.61 | 13.48 
7.48 6 | 12.94 4.1: 30 | 14. 3.89 | 13. 13.06 | 14. 30 
8.42 1] 14.34] 14. 98 | 15. . 87 | 9 | 14.05 | 13.58 | 15.05 
9. 44 .7 | 14.36 | 14.82 | 15.04 | 15. 91 | 14.60 | 14. 13.70 | 15.11 
10. 37 1 | 14.16 | 14.74 | 14.98 | 15. ' .67 | 14. 13.82 | 15.04 ’ 
11. 52 5 | 13.62 | 14. . 67 | 14. ; ; 13.93 | 14.84 | 42. 
12. 48 .§ | 12.92 | 13.73 | 14. 2% .47 | 14. .46 | 14.16 | 14.60 | 47.9 
13. 39 | 192.5 | 11.96 | 13. 13.66 | 13.94 | 14.09 | 14. 11 | 14.00 | 14.15 | 50.3 
| | 























Maximum power . . . 15.11 at 9.15]b/hr. Minimum values----.- 
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TABLE 13.—Power and economy tests of blend ? 


[Compression ratio 7.81] 








Indicated horsepower at spark advance of— 


| | 
|| 











40° 45° 
. 








Btu/hr lb/ihp- 
| x10-3 } } | hr 

102.3 | 11. .45 | 13.06 | 13.43 | 13. ’ 3.7 | 0.517 
3. 14.27 | 14. 3. .6| .517 

14.93 | 14. 1 .6 1] .554 

02 | 15.04 | 14. 66 | 14. 1 | .622 

146.2 | 13. .! 91 | 14.95 4] .668 

161.6 | 13. 5% 1 .58 | 14.70 | 14.72 | 14.62 | 14. 1 1 . 749 

176.2 | 12. 3. 3.98 | 14.34 | 14.46 | 14.46 | .5| 831 

| 184.0 | 12. .92 | 13.56 | 14.03 | 14.18 | 14. .9| .884| 659 





























- | 
Maximum power, 15.06 at 9.10 lb/hr. Minimum values ae 7. > =n 











TABLE 14.—Power and economy tests of blend 3 


(Compression ratio 7.43] 








Indicated horsepower at spark advance of— 





j 


Fuel 
con- 
sump- 
tion 25 30° 


mum 
indi- 

| cated 
3 | horse 
power 





| 

Maxi- 
| 

| 




















S 
s 


.00 | 12.48 | 12.70 | 12.77 | 12.75 

.52 | 13.75 | 13.82 | 13.77 | 13.60 | 

73 | 14.61 | 14.34 | 13.94 | 

80 | 14.68 | 14.36 | 13.96 | 

73 | 14.61 | 14.27 | 13.86 | 

.52 | 14.49 | 14.29 | 13.97 | 

. 13. 6 97 | 14.15 | 14.20 | 14.15 | 13.97 | 
197.6 | 11.94 | 12.88 | 13.45 13.71 | 13.82 | 13.82 | 13.71 


SRESRSSA 
Or sN OS wh 





Maximum power, 14.80 at 8.80 lb/hr. Minimum values_- 
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TABLE 15.—Power and economy tests of reference gasoline—second run 


[Compression ratio 5.11] 








Indicated horsepower at spark advance of— 
| Maxi- | 





Specific 
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Maximum power___.12.34 at 6.40 lb/hr. Minimum values.__..___- 





Maximum indicated power and optimum spark advance were then} 
plotted against fuel consumption, as was the derived function, indi-f 
cated specific fuel consumption. Figures.1 to 14 show these curves 
The first runs were made on a reference gasoline of 70 motor octan 
number, composed of standard reference fuels C-12 and A-6. As the 
engine operators were not familiar with the test method, the readings 
were somewhat erratic and did not adequately cover the mixture-ratio 
range, as shown in figure 1. For this reason, the gasoline run was 
repeated some months later, and is shown in figure 14. In the interim 
several changes had been made in the test engine, including the 
installation of a new camshaft, and reference fuels C-12 and A-6 were 
no longer available. A blend of C-13 and M-4, of 70 motor octane 
number, was therefore used. The maximum power shown in figure 
14 is consequently about.3% percent below that shown in figure 1. As 
the engine changes are believed to be responsible for this difference, the 
power and fuel-consumption values shown in figure 14 were corrected 


accordingly. 
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) Figure 1.—Power, specific fuel consumption, and optimum spark advance for 
reference gasoline. . 


The engine was operated at a compression ratio of 5.11, which gave trace knock on this reference gasoline of 
70 motor octane number. The two runs were made on successive days. 
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FIGURE 2.—Power, specific fuel consumption, and optimum spark advance for 190- 
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FIGURE 3.—Power, specific fuel pes pp and optimum spark advance for 260- 


yl alcohol. 


proof et 


70 motor octane number. 





13 


The engine was operated at a compression ratio of 5.11, which gave trace knock on the reference gasoline of 
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Figure 4.—Power, specific fuel consumption, and optimum spark advance for a 
blend of 75 percent ethanol and 25 percent diethyl ether. 


The engine was operated at a compression ratio of 5.11, which gave trace knock on the reference gasoline o! 
70 motor octane number 
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FUEL CONSUMPTION, LB/HR_ 
Figure 5.—Power, specific fuel consumption, and optimum spark advance for a 
; ‘ blend of 50 percent acetone and 50 percent butanol. 


The engine was operated at a compression.ratio of 5.11, which gave trace knock on the reference gasoline of - 
: * 70 motor octane number. 
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FUEL CONSUMPTION, LB/HR 


Ficgure 6.—Power, specific fuel consumption, and optimum spark advance for a 
blend of 27 percent acetone, 6 percent ethanol, and 67 percent butanol. 


The engine was operated at a compression ratio of 5.11, which gave trace knock on the reference gasoline of 
70 motor octane number. 
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FicurE 7.—Poewer, specific fuel consumption, and optimum spark advance for -a 


The emgine was operated at a compression ratio of 5.11, which gave trace knock on the reference gasoline of - 


blend of 28.5 percent acetone and 71.5: percent butanol. 


70 motor octane number. 
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Figure 8.—Power, specific fuel consumption, and optimum spark advance for 190- ’ 
proof ethyl alcohol. 
The engine was operated at a compression ratio of 9.91, which gave trace knock on this fuel. 
- 
; 
i 


ee 
? 





'90- 














POT eR Aes 


FIGURE 





Engine Tests of Substitute Fuels 




















, LB/IHP-HR 




















co ‘ 
FUEL CONSUMPTIO 


| 


A 








SPECIFIC 





























| 
| 
| 
| 
| 





= aoe 
| | ' 
| U -| 13 i i4 = 











FUEL CONSUMPTION, LB/HR 


19 


9.—Power, specific fuel consumption, and optimum spark advance for 200- 


proof ethyl alcohol. 


The engine was operated at a compression ratio of 9.91, which gave trace knock on this fuel. 
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Ficure 10.—Power, specific fuel consumption, and optimum spark advance for ¢ 
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blend of 75 percent ethanol and 25 percent diethyl ether. 


The engine was operated at a compression ratio of 8.60, which gave trace knock on this fuel. 
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The engine was operated at a compression ratio of 8.17, which gave trace knock on this fuel. 
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Figure 11.—Pewer, speci 
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FUEL CONSUMPTION, LB/HR 


FIGURE 12.—Power, specific fuel consumption, and optimum spark advance for a 
blend of 27 percent acetone, 6 percent ethanol, and 67 percent butanol. 


The engine was operated at a compression ratio of 7.80, which gave trace knock on this fuel. 
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FUEL CONSUMPTION, LB/HR 


Figure 13.—Power, specific fuel consumption, and optimum spark advance for a 
blend of 28.5 percent acetone and 71.5 percent butanol. 


Tlie engine was operated at a compression ratio of 7.43, which gave trace knock on this fuel. 
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Ficure 14.—Power, specific fuel consumption, and optimum spark advance for 
Pp plion, a p P 
second reference gasoline. 


The engine was operated at a compression ratio of 5.11, which gave trace knock on this reference gasoline of 
70 motor octane number. This run, a repetition of that shown in figure 1, was made in order to cover 
more adequately the air-fuel range of interest. Several months elapsed between the test shown in figure | 
and this test, and interim engine changes altered the maximum power by about 3% percent. The results 
were therefore corrected by an appropriate factor for all subsequent use. 
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Figure 15.—Power versus spark advance at a series of fuel consumption rates. 


These data, obtained at a compression ratio of 5.11, are typical for all of the fuels. The plotted points in 
figures 1 to 14 are the peaks of curves such as these. 
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IV. DISCUSSION OF TEST RESULTS 
1. POWER AT CONSTANT COMPRESSION RATIO 


For the purpose of facilitating comparison of performance over the 
mixture-ratio range, power was plotted against fuel heat input, calcu- 
lated from the higher heating value! of the fuel. This eliminates the 
horizontal displacement of the performance curves that would result 
from the different heating values of the fuels, if power were plotted 
against weight of fuel burned, as in figures 1 to 14. The curves 
obtained at a compression ratio of 5.11.are shown in figure 16. It will 
be seen that the power developed with each of the three acetone 
blends is 2 to 3 percent greater than that with gasoline, whereas 
the increase with alcohol is about twice as much. A tabular compari- 7 
son of the power developed by these fuels is given in the second and | 
third columns of table 16. . 





TaB_e 16.—Comparison of fuels at a compression ratio of 5.11 
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1 Corrected to 0.50 in. Hg humidity, basis 7.3°/in. Hg. 
? Corrected as stated in text. 


The minimum specific fuel consumption, and the maximum thermal | 
efficiency, based on the higher heating value, are given in the fourth and 


fifth columns of table 16. To facilitate examination of the thermal | 
efficiencies in the lean mixture range, lines of constant thermal efli- 7 
ciency have been plotted in figure 16.- It will be seen that all the 
substitute fuels have better thermal efficiencies ? throughout this range 
than does gasoline. The différences, although consistent, in no case | 
exeeed 1% percent. 


2. COMPARISON OF POWER WITH CALCULATED VALUES 


Table 17. gives the calculated properties of theoretical mixtures of 7 
each of the fuels. The second column gives the calculated air-fuel 7 
ratio, and the third column gives the fuel heat per pound of dry air. | 
The fourth column gives the relative heat per unit volume of charge at | 
standard temperature and pressure, based on gasoline as unity. It 
can been seen from this column that the heating values of these fuel-air 7 
mixtures are essentially equal. The next-four columns are steps in | 
the computation of the potential cooling of the charge by fuel vaporiza- | 

! See Appendix for values based on lower heating value. 


2 It should be understood that a conventionalized calculation such as thermal efficiency does not accu 
. rately describe the thermodynamic processes actually occurring in the engine. 
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Figure 16.—Power and thermal efficiency of the test fuels at a compression 
ratio of 5.11. 


When fuel consumption of dissimilar fuels is expressed in terms of fuel heat input, comparison of the power 
curves is facilitated. This also permits superposition of a scale of thermal efficiency. 


tion. From this is found the volume of air that would be inducted if 
all of the fuel were vaporized, in terms of the gasoline-air mixture as 
unity. For comparison, the observed maximum power at equal com- 
pression ratio is tabulated in the last column, as the power obtainable 
from an engine has been shown® to be determined by the air consump- 
tion of the engine. The agreement between the values in the last two 
columns is apparently a measure of the relative fuel vaporization at the 
moment of closure of the intake valve, as subsequent fuel vaporization 
would not affect air induction. Thus fuels 1 and 2 are nearer complete 
vaporization than is gasoline; fuel 3 and fuel D are about the same; 
and the alcohols, fuels B and C, are less so, presumably because of the 
large potential cooling involved in their vaporization. 


TABLE 17.—Properties of theoretical fuel-air mixtures 
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1,410 101.0 ¢ - 43 2. 68 104.8 
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* From International Critical Tables. 
—————_ 


Nat. Advisory Comm. Rep. No. 426 (1932). 
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3. OPTIMUM SPARK ADVANCE 


Earlier work at this Bureau ***? and elsewhere * showed that spark 
advance for maximum power was markedly affected by atmospheric 
humidity. The sixth and seventh columns of table 16 list the observed 
optimum spark advances for the several fuels, and the atmospheric 
humidity prevailing during the tést. An analysis of these data indi. 
cates that the optimum spark advance increases with humidity at the 
rate of 7.3°/in. Hg. The correlation coefficient of advance and humid. 
ity for these values is + 0.944, which shows that the values unques. 
tionably were affected by humidity. On this basis the optimum spark 
advances for the fuels, when corrected to a humidity of 0.50 in. Hg, are 
as given in the last column of table 16. Excluding fuel D the stan- 


dard deviation of the corrected values is 0.5°. As the spark quadrant! 


was graduated only to 1 degree, the deviation of 0.5 degree is 


accounted for adequately by experimental error. This means that! 
all of the fuels, except the ether blend, have equal optimum spark | 


advances, and hence equal rates of burning in this engine. 


The optimum spark advance for fuel D, the ethanol-ether blend, is 37 
degrees less than the average for the other fuels. The chance of sc large | 
a deviation occurring through the operation of. the factors that caused 7 
the experimental error for the other fuels is exceedingly smal. It! 


therefore appears that the ether blend actually burns some 7 percent 
faster than the other fuels. 


4. POWER AT COMPRESSION RATIO FOR TRACE KNOCK 


In figure 17 are plotted the runs in which each fuel was tested at 
the compression ratio for trace knock (for best-power mixture and 
optimum spark advance) and tabular values are given in the third to 
sixth columns of table 18. As in figure 16, lines of constant thermal! 
efficiency are shown in figure 17. At the same heat input, a consider- 
able increase in power and in thermal efficiency is shown by the substi- 


tute fuels, chiefly because of the permissible increase in compression 


ratio. The increase in power is approximately 83 percent of that cal- 


culated on an air-cycle basis, from the change of compression ratio. | 


The apparent reason for the departure from air cycle is a decrease in 
the volumetric efficiency of the test engine with increase in compression 
ratio, the magnitude of the decrease being sufficient to aecount for the 
observed departure. 





TABLE 18.—Comparison of fuels at compression ratio giving trace knock 
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. Minimum = 
| Indicated | Powerratio| - , Maximum | Optimum 
Fuel > horse to that of yicentne I thermal spark Humidity Sener 
power gasoline tion I efficiency advance 
| Percent lb/ihp-hr ” Percent Degrers in. Hg Degrees 
, 5.11 | 12. 80 100. 0 0. 452 27.9 47.5 0. 47 47.7 
eee 9.91 | 16. 18 126. 4 . 505 36.4 37.3 . 64 36.3 
or. 9.91 16. 18 126. 4 . 558 35.9 34.7 . 56 34.3 
ee 8. 60 15. 70 * 122.7 . 545 34.8 36. 5 an 34.7 
E?. 6.11 12. 80 100.0 . 458 27.6 45.0 -23 =i 
=a 8.18 15.11 118.0 . 514 34.4 38.2 . 59 5 
Disane 7. 81 15. 06 117.7 514 33.8 7.5 -77 363 
— ae 7.43 14. 80 115.6 . 525 32.6 38.6 . 67 36. 6 
1 Corrected to 0.50 in. Hg humidity, basis 7.3°/in. Hg. 4 Corrected as stated in text. 
4 Nat. Advisory Comm. Rep. No. 426 (1932). 7 BS J. Research 8, 795 (1920) RP118. 


§ Nat. Adivsory Comm. Note No. 309 (1929). * SAE Journal 24, 155 (February 1929). 
* SAE Journal 26, 277 (September 1929). 
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The observed optimum spark advances and prevailing humidities 
are given in the seventh and eighth columns of table 18, and the ad- 
vances corrected to a humidity of 0.50 in. Hg, by the correction factor 
deduced above, in the last column of this table. These corrected ad- 
vances vary, of course, with compression ratio. However, ethanol 
fuel, C, and its ether blend, fuel D, are somewhat below the mean line 
for the other fuels. : :; 
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Figure 17.—Power and thermal efficiency of the test fuels at the compression ratio 
; giving trace knock. 


The peaks of the power curves occur at an essentially constant fuel heat input, although the compression 
. ratios vary from 5.11 to 9.91. 


5. COMBUSTION PERFORMANCE OF FUELS 
(a) RELATIVE POWER VERSUS HEAT INPUT 


As a means of further comparing the combustion performance of - 
the fuels, the data plotted in figures 16 and 17 have been transformed 
to percentages of maximum indicated power (for each fuel and test 
condition) and heat input in Btu per pound of dry air. The results are 
shown in figure 18, in which the upper curve is fitted to the data ob- 
tained on the substitute fuels when operating at trace knock, and the 
lower curve is fitted to the data obtained on all fuels when operating at 
5.11 compression ratio. 

With two exceptions, it is apparent that the performances of these 
fuels are identical, within experimental error, at equal heat-input rates 
over the full range of mixture ratios. The performance of gasoline is 
slightly below the average at mixtures leaner than that giving maxi- 
mum power, and slightly better at richer mixtures. The opposite is 
true of the 190-proof ethyl alcohol, which shows a marked deteriora- 
tion in performance at rich mixtures. The behavior of the gasoline is 
consistent with the assumption that some of its less volatile components 
pass through the engine without being burned. 
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In figure 19 the curves of figure 18 are compared. The differences 
are very slight and do not exceed the probable experimental error of 
air-flow measurement at the two conditions. . If the measured air flow 
at 5.11 compression ratio were 1 percent low, for example, then the 
two curves are really coincident. The conclusion drawn is, that the 
relative performances of these fuels are essentially identical under both 
test conditions. 
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Ficure 18.—Relative power versus fuel heat input. 


When the power data of each curve on figures 16 and 17 are expressed as percentage of maximum power, 
the curves for each fuel coincide. 
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Figure 19.—Relative power versus fuel heat input. 


The curves of figure 18 are shown by superposition to differ by no more than the ex mental error. Thus — 
hydrocarbon and nonhydrocarbon fuels, at compression ratios from 5.11 to 9.91, show essentially the 
same response to mixture ratio. ; 
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(b) RATE OF BURNING 


Another means of comparing the combustion performance of the 

els is by a study of the combustion times as indicated by the opti- 

um spark advances. In figure 20, the optimum spark advances 
bserved for each fuel at each mixture ratio when operating at a 
ompression ratio of 5.11 have been corrected to a mean value of 
umidity of 0.50 in. Hg and plotted against fuel heat input in Btu 
ber pound of dry air. Except at the leaner mixtures, the points do 
hot show large scatter. The ether blend, fuel D, exhibits a definite 
endency to require less advance than the other fuels. Gasoline ap- 
bears to require a slightly higher advance than the other fuels at lean 
nd at rich mixtures. It is noteworthy that, whereas maximum 
bower is reached at 1,760 Btu per pound of air (fig. 18), the minimum 
dvance, hence maximum combustion rate, occurs at 1,890 Btu per 
pound of air. 

In order to compare the relation of optimum spark advance to 
mixture ratio at the lower and higher compression ratios used in the 
ests, the values shown in figure 20 and those obtained when operat- 
ng at trace knock are plotted in figure 21 in percentage of minimum 
pptimum spark advance. The curves of figure 21 are superposed 
n figure 22. This figure shows that at the higher compression ratios, 
he curve of relative optimum spark advance versus specific heat 
nput is displaced in the direction of lower heat input, in this case 
by about 10 percent. This tendency is apparent also on closer ex- 
amination of the upper plot on figure 21, in which it can be noted 
hat the points for fuels giving trace knock at the lower compression 
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, BTU/LB 
Figure 20.—Relation of optimum spark advance to fuel heat input. 
In these tests at a compression ratio of 5.11, the observed optimum advances have been corrected to a 


standard pressure of water vapor (atmospheric humidity) of 0.50 in. Hg. Only the ether blend appears 
to differ substantially from the mean curve. . 
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FicurE 21.—Relative optimum spark advances. 


When the optimum - advances for each fuel are expressed in terms of the minimum optimum advance 
the values are nearly coincident at the lower compression ratio, and in good agreement at the highe 
compression ratios. . Pa R 
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F 1GURE-22.—Comparison of relative optimum spark advances at compression rati 
of 5.11 and at compression ratio giving trace knock. 


The tendency of the minimum point to shift toward the stoichiometric equivalent (about 1,400 Btu/Ib « 
air) at the higher compression ratios can be noted also in the departures of the observed points from the 
upper curve of figure 21. 


ratios -fall at higher fuel heat input than the curve, and vice versa 
The significance of this fact can be expressed in several ways: 

1. With increase of compression ratio, the actual optimum spark 
advance for lean mixtures decreases more rapidly than that for rich 
mixtures. _ Adee 



































nm ral 


Btu/Ib of 
from th 


Versa 


spark 
r rich 


Engine Fests of Substitute Fuels 33 


2. With increase of compression ratio, the relative optimum spark 

dvance for lean mixtures decreases and that for rich mixtures 
creases. 

3. With increase of compression ratio, the mixture requiring mini- 
mum spark advance (presumably maximum rate of burning) ap- 
proaches the stoichiometric equivalent. 

The last statement follows from the fact that the heat input at 
he stoichiometric mixture ratio is roughly 1,400 Btu per pound of 
nir for these fuels, as shown in table 17. 

It is of interest to note that whereas at 5.11 compression ratio 
1inimum optimum spark ‘advance occurs at a mixture about 7 per- 
ent richer than that for maximum power, at the higher compression 
atios used for trace knock with the substitute fuels it occurs at a 
1ixture roughly 4 percent leaner than that for maximum power. 


(c) THERMAL-PLUG TEMPERATURES 


As mentioned earlier, the engine was equipped with a thermal 
plug mounted in the cylinder head to be flush with the combustion- 
hamber surface. This plug was connected to a direct-reading 
indicator. Temperatures were noted at each test condition. 

The readings obtained over the range of spark advance at each 
mixture ratio were plotted. The thermal plug temperature at opti- 

um spark advance was then read from the resulting curve. Figure 
23 shows these readings plotted against fuel heat input, a convenient 
basis for expressing mixture ratio in terms common to all fuels. 
Within experimental error, the observed temperatures for the various 
substitute fuels are equal, at comparable mixtures, both at 5.11 com- 
pression ratio and at trace knock. The temperatures observed for 


RATIO FOR 
KNOCK 


* REFERENCE GASOLINE 

- ISOPROOF ALCOHOL 

- 200PROOF ALCOHOL 

* TSS ALCOHOL, 25K ETHER 
* BLEND NUMBER | 

* BLEND NUMBER 2 
BLEND NUMBER 3 


wee 


OMP. RATIO 5.11 : -— he «. - ylio 


rr 


Figure 23.—Thermal plug temperatures at optimum spark advance. 
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The lowest curve is for the nonhydrocarbon fuels at a compression ratio of 5.11, at which ratio these fuels 
did not knock. The curve immediately above is for gasoline, which gave trace knock at this ratio. The 
upper curve, on a different scale of ordinates, is for the nonhydrocarbon fuels at the compression ratio 
which gave trace knock with the fuel. 
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oe ager however, are decidedly higher than those for the substituy 
uels at 5.11 compression ratio. 

When the curves of this figure are superposed, as in figure 24, it j 
seen that a considerable rise in temperature in the region lean ¢ 
maximum power occurs when the substitute fuels are tested at trae 
knock instead of the lower compression ratio of 5.11. That most ¢ 
this rise is connected with the phenomenon of knock and can be at. 
tributed to the occurrence of “incipient”? knock is suggested by th: 
fact that at richer mixtures, where no knock would be audible eva 
at considerably higher compression ratios, the two curves for the sub. 
stitute fuels differ by only about 12 degrees Fahrenheit, although th: 
average compression ratio for trace knock for these fuels was 8.6 « 
compared with the value of 5.11 for the lower curve. 
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FIGURE 24.— Thermal plug temperatures at optimum spark advance. 


The curves of figure. 23 are superposed in this figure. 


In figure 24, as in figure 18, the curve for gasoline appears as if it 
had been displaced toward higher fuel heat input by about 7 percent 
from that of the substitute fuels at trace knock. Such an appearanc: 
is compatible with the assumption that a portion of the gasoline & 
sufficiently nonvolatile that it does not participate in the reaction 0! 
combustion. If this assumption be kg and the gasoline curve bi 
displaced toward lower fuel heat input accordingly, the temperatures 
- for gasoline then fall within the band of those for the substitute fuels 
at trace knock. It would therefore appear that in this respect also 
no essential difference in combustion performance is exhibited by 
these fuels. = : 


6. POWER AT CONSTANT SPARK: ADVANCE 


A plot of the data given in table 5 is shown for selected spark ad-| 
vances in figure 25, which is typical of power versus fuel-consumption 
curves at fixed spark advances. At the least-advanced spark, 4/ 
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egrees, power is lower than with the other settings at lean and rich 
nixtures but approaches the best power obtained at the mixture ratio . 
iving maximum power. At a setting of 50 degrees, power is con- 
derably improved at lean and rich mrxtures and is highest of any of 
e curves at best mixture. An advance of 60 degrees improves the 
wer at lean and rich mixtures, but causes a material loss of power 
the intermediate range. The highest advance, 70 degrees, gives 
he highest power of any of these settings at the leanest mixture, and 
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Figure 25.—Power curves at fixed spark advances. 


Curves are shown for spark advances of 40°, 50°, 60°, and 70°. The reason fér the double peak at 70° is 
explained in the text. 


would do so at a mixture slightly richer than any which were run,. 
but gives a pronounced loss of power at normal mixtures. 

The double peak shown by the power curve for 70-degree spark 
advance is typical of high spark advances. As cam be seen in figures. 
1 to 14, the optimum spark advance increases at lean and ‘at rich 
mixtures. At high spark advances, the loss of power occasioned by 
going rich or lean from the best mixture is at first less than the gain of . 
power resulting from the fact that at the richer or leaner setting the 
spark advance is closer to the optimum. This is the reason for the 
double peak of the power curve at high spark advances. Close exami- 
nation of figure 25 will show that this double peak is foreshadowed in 
the curve for 60-degree advance. 
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7. POWER-MIXTURE-SPARK-ADVANCE RELATIONSHIP 


It was shown earlier in this analysis that when the data obtained o 
all fuels were plotted as percent maximum power versus fuel hes 
input in Btu per pound of air, the relations were essentially identica 
(figs. 18 and 19): The power—mixture—spark-advance surface for fud 
D at 5.11 compression ratio, figure 26, is therefore closely represents. 
tive of that for all of these fuels, and the relations depicted therein may 
be considered as typical. © - , 


. Fiaure 26.—/nterrelations of power, mixture ratio, and spark advance. 


“When power was expressed in percentage of maximum power, and mixture ratio in terms of fuel heat inpu'!. § 
the behavior of all fuels tested was essentially identical. This fig.re is therefore valid for all of these fueb J 

The light lines are vertical contours, their values being given in percentage of maximum power at the le 
of the chart. The point of maximum power, in the upper left part of the figure, is marked with a cross 


V: CONCLUSIONS 


These tests on a single-cylinder CFR engine lead to the following] 
conclusions, which are believed to be of general applicability in « 
qualitative sense: } 

1. At constant compression ratio, slightly more power (2 to 3 per-/ 
cent) is obtained with the acetone blends, whereas with 190- or 200-/ 
proof ethyl alcohol the increase is somewhat a (4 to 5 percent)./ 


At lean mixtures the substitute fuels have slig 
efficiencies than does gasoline. 

2. Analysis of the optimum spark advances of these fuels indicates 
that their rates of burning are equal at -best mixture ratio, with the 
‘exception of the ether blend, which may burn a few percent faster. 

3. All the substitute fuels are capable-of use at compression ratios 
yielding more power than that allowable for the gasoline, with 
corresponding increase in thermal efficiencies. The permissible in- 
creases in power range up to one-quarter for ethyl alcohol, the thermal 
efficiency of which is 36 percent, ee on the higher heating value. 
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4. Analyses of power,-rate of burning as indicated by optimum 
park advance, and thermal plug temperatures, versus fuel heat input, 
eveal no material differences in the combustion performances of these 
uels. 

5. Relative power at equal heat input per pound of air is the same 
or these fuels at both compression ratios used. 


| V. APPENDIX 
THERMAL EFFICIENCIES BASED ON LOWER HEATING VALUE 
The consensus of authorities in this country favors the use of the higher heating 


-alue of fuels in reckoning the thermal efficiency of an engine, although the lower 
eating value is preferred by some, and was standard practice in Germany. 


Although it may be considered improper to charge a noncondensing type of 


ngine with the latent heat of vaporization of the water formed, it has been 
ound that greater consistency of values results when the higher heating value of 
he fuels is used. For information, the. thermal efficiencies of the several fuels, 
yased on the lower heating values are given.in table 19. 


TABLE 19.—Mazximum thermal efficiency 


[Based-on lower heating value] 
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THERMODYNAMIC PROPERTIES OF 1,3-BUTADIENE IN 
THE SOLID, LIQUID, AND VAPOR STATES 


By Russell B. Scott, Cyril H. Meyers, Robert D. Rands, Jr., Ferdinand G. 
Brickwedde, and Norman Bekkedahl 


This paper presents a detailed description of apparatus used and the results 
obtained in the following measurements relating to the thermodynamic properties 
of 1,3-butadiené in the solid, liquid, and vapor states: (1) Specific heats from 

258° to +30° C, (2) heat of fusion, (3) heats of vaporization from — 26° to 
|.93° C; (4) vapor pressures from —78° to +110° C, (5) liquid densities from 

78° to + 95° C, (6) vapor densities from 30° to 150° C, and (7) the critical pres- 
sure, volume, and temperature of 1,3-butadiene. Tables embodying the results 
of these measurements are included for specific heats, enthalpy, and entropy of 
the solid, liquid, and vapor. : 
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V. Purity of samples and melting point of pure butadiene 
VI. Derived-properties and formulated tables of the thermodynamic. prop- 
erties of 1,3- butadiene_. 
. 


The senedenaials warty, of liquid and vapor 1,3-butadiene 
from — 109° to + 150° 


I. INTRODUCTION 


The measurements of the thermodynamic properties of 1,3-buta. 
diene described in this paper were undertaken in response to requests 
for data needed in the -Government’s synthetic-rubber’ program. 
Most of the expérimental data were made available previously to the 
synthetic-rubber industry in the form of reports [1, 2]! submitted to 
the Office of the Rubber Director and in a National Bureau of Stand. 
ards Letter Circular [3]. “As these reports were rather brief, more 
detailed descriptions of the apparatus, methods, and results are given 
here. 

Empirical equations were constructed to represent the experimental 
results and used to calculate a. thermodynamically consistent set of 
tables of various derived properties, including enthalpy and entropy oi 
' 1,3-butadiene in the solid, liquid, and vapor state.- In these calcuia- 
tions use was made of measurements of the specific heat of 1,3-buta- 
diene vapor previously published [4] and an equation of state for the 
vapor that represents measurements Over a W ide range of tempera ture 
and pressure. 


a. vandal OF SAMPLES 


The butadiene from which the samples were prépared was furnished 
by the Dow Chemical Co. |t was shipped in a steel cylinder refriger- 
ated with solid carbon dioxide (—78°C). After it was received it was 
kept at or near —78°C, except while being transferred from ‘one con- 
tainer to another. “The butadiene w as removed from the cylinder by 
evaporating it into one-half-liter Pyrex flasks at —78° C. These were 
provided with seals that could later be broken with magnetic plungers 
so that all the handling of the material could be carried out in the 
absence of air. The supply of butadiene, somewhat less than 2 liters, 
was stored in four such flasks: 

It appeared that a small amount of carbon dioxide had leaked into 
the cylinder during transit while it was in a CO, atmosphere at such 4 
low temperature that the pressure inside the cylinder was less than 
atmospheric. The carbon dioxide impurity was noticed during the 
transfer as-it caused blocking by not condensing with the butadiene. 
It did condense readily in a liquid-air trap, which fact led to the belief 
that it was carbon dioxide arid not air. The blocking occurred three 
times during the filling of the first half-liter flask. .When it ‘occurred, 
the flask and cylinder were connected through a stopcock to a vacuum 
system and pumped for a few seconds. In this way most of the carbon 
dioxide was removed, together with some butadiene. No difficulty 
was experienced during the filling. of the three “¥e # flasks. 
These flasks are designated by the numbers 3 2, 3, and 4 in the 
. order of their filling. 


i Fivures in brackets indicate the literpture references at t the end of this. paper. 
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‘During the course of the experiments four samples were prepared. 
Sample 1 was prepared by évaporating the 450-ml contents of flask 3 
at about —30°C, separating a middle fraction of about 110 ml. This 
fraction was frozen with liquid air with the intention of pumping off 
any air that may have been present. However, a pressure measure- 
ment, made with a McLeod gage, showed this pumping to be un- 
necessary. The butadiene seemed to be free of any impurity that had 
an appreciable vapor pressure at the temperature of liquid air. After 
melting the butadiene, another evaporation was carried out, and the 
middle 95 ml was collected: This constituted sample 1. T he unused 
material from both evaporations was returned to the half-liter flask. 
The material from which sample 2 was prepared consisted of about 
100 ml of butadiene also taken from flask 3. The distillate was 
separated into five fractions. Fraction 1, about 10 ml of liquid, was 
discarded. Fraction’2 was a very small amount, about 0.2 ml of 
liquid. Fraction 3 was the main body of the material, about 80 ml of 
liquid, which constituted sample 2. Fraction 4 was another small 
sample about the same size as fraction 2.- -Fraction 5, about 10 ml of 
liquid, was discarded. ' ae 
The vapor pressures‘of fractions 2 and-4 were compared at a pressure 
of about |] atm by means of a differential vapor-pressure apparatus 
similar to that described by Shepherd [5]. No difference in vapor 
pressures was detected, although a difference of 0.05 mm Hg could 
have been noticed. This equality of vapor pressures indicated that 


further distillation of fraction 3 would have little effect. 


Sample 2 was prepared by fractional distillation by the use of a 
still with a rectifying column. This apparatus is shown in figure 1. 
The boiling reservoir, A, is surmounted by a rectifying column, B, 
consisting of a mionel tube with a deep helical groove. ‘The Pyrex 
container surrounding the rectifying column fits so closely that, during 
operation, the liquid sealed the space between the glass and the metal, 
causing all the vapor and most of the refluxing liquid to traverse the 
helical groave, a path of about 6 m. The evacuated space between 
the two walls of the Pyrex container insulated the boiler and rectifying 
column. The heat required for the boiling is supplied by the heater, 
€; consisting of 34 ohms of fiber-glass-insulated constantan wire 
wound on the stem of the copper piece, ). The inverted mushroom 
of copper ¢onducts the heat from the constantan heater to the bottom 
of the boiling reservoir. The walls of.the condenser, /, are in con- 
tact with the stirred alcohol bath in which the still is immersed. The 
bath is refrigerated by means of a copper coil into which high-pressure. . 
carbon dioxide expands. An electric heater is provided so that excess 
refrigeration can be compensated and .a constant bath temperature 
maintained. During the operation of the still the temperature of the 
bath was kept at about —25° C and manually controlled so as not to 
vary more than 0.05 degves. The butadiene vapor was withdrawn 
at F. The withdrawal rate and the boiling rate were adjusted so 
that the reflux ratio was about 15. 

Sample 3 was prepared by fractional -crystallization of material 
from flask 2. The apparatus used is shown in figure 2. The buta- 
diene in flask A was partially frozen by cooling produced by. the liquid 
air surrounding tube C. The air space separating flask A and tube C 
provided enough insulation. to prevent too rapid freezing. About 20 
minutes were requires to freeze 150 ml of butadiene. While the 
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. freezing proceeded, the magnetic stirrer, D, kept the liquid agitate 
so that there wotild not be a concentration of impurity at the surfae 
of the solid as it formed. ‘Two fractional crystallizations were per. 
formed. After the first, about 50 ml remained liquid and was poure 
into flask B. The remaining solid was melted and again fractional) 
crystallized, this time discarding into flask B about 7 75 ml of unfroze 
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Figure 1.—Still with rectifying column used to purify butadiene. 


A, boiling reservoir; B, rectifying column; C, heater; D, copper conductor; E, condenser; F, withdrawal lint 
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material. Flask B was then sealed off, and the 125 ml of butadiene 


emaining in flask A constituted sample 3. 
Sample 4 was prepared by passing the butadiene, from flask 4,as a 
rapor over freshly outgassed silica gel. After condensing, the buta- 
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Ficure 2.—Fractional cystallization apparatus used to purify butadiene. 


A, butadiene in freezing flask; B, waste flask; C, tube providing air space ‘around freezing flask; D, stirrer. 
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diene was fractionally crystallized three times, and finally the rm. 
crystallized materjal was distilled twice. ‘In this process only abou 
60 ml of butadiene was obtained from an initial supply of 400 ml. 

Estimates of purity of the various samples, based on melting date 
and vapor-pressuré measurements, are given in section V. 


III. CALORIMETRIC > MEASUREMENTS 
1. APPARATUS 


(a) CALORIMETER 


The calorimeter was of the adiabatic vacuum type, similar to on 
described by Southard and Brickwedde [6] for the measurement o/ 
the specific heats of nonvolatile solids. It was designed for the meas. 
urement of the specific heat and:latent heats of a material that ean b. 
introduced into the calorimeter as a vapor and there condensed 
Although the principal features are the same as those described liy 
Southard and Brickw edde, several changes were necessary to adapt 
the design to the present use. Some changes were also made in the 
electric controls, by means of which adiabatic conditions are mait- 
tained. Because. of these -modifications and other differences in 
constructional detail, a dese ription of the apparatus will be given here 

The term ‘calorimeter’? may be onthe applied to the complet 
apparatus with which thermal measurements are made, but fo 
convenience in the following and later discussions in this paper, the 
word “calorimeter” will be used to des signate that part of the apparatus 
containing the material. being investigated, including all parts in 
intimate thermal contact with the material. The calorimeter is shows 
in vertical section at C, figure 3,. and in horizontal section at C’ 
It consists of a cylindrical container of copper 1 mm in wall thickness 
with domed ends of the same thickness, and contains two- sets of 
vanes, V,; and V,; 0.2 mm thick, for the distribution of heat. The 
heater, H,, by means of which measured amounts of electric energy 
were added, consists of two lengtlis of No. 34 AWG constantan wire 
with fiber-glass insulation. The wire was inserted into copper tubing 
and then the tubing was drawn down snugly on the wire. The outside 
diameter of the tubing was about 1 mm after drawing. The tubing 
was wound in a single layer on the outside of vanes V,, The heater 
is in two parts, the section nearer the bottom of-the calorimeter having 
a resistance of about 28 ohms and the upper part having a resistance 
of about 37 ohms. The four ends of the copper tubes, with the praject- 
ing ends of the constantan wire, were brought out through the bottom 
of the calorimeter. Vanes V. 2 are W-shaped pieces of copper formed 
to fit closely between the heater tubing and the wall of the calorimeter. 
The cone, B, just above the vanes, is a baffle intended to prevent 
droplets of liquid from being carried out of the calorimeter during 
vaporization experiments. The vanes, heater tubes, and inside sur- 
faces of the calorimeter shell were tinned before assembling:and the 
completed assembly heated to solder the parts together. About 2 pes 
of each end of the ‘cylindrical wall was spun over the edge of the end 
cap to increase the “strength of the calorimeter. The thermometer, 
T, used to determine the temperature of the calorimeter i is a four- 
lead, strain-free, platinum resistance thermometer in a platinum 
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tube. This type of thermometer has been described by Southard and 
Milner [7]. The calibration of the thermometer used in this investiga- 
tion has been described by Hoge and Brickwedde [8]. The thermom- 
eter contains helium and is sealed at the bottom by a soft glass cap, 
through which the’ platinum leads pass. Intimate thermal contact 
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FicurE 3.—Sectional.view of calorimeter and auxiliary apparatus. 


L, electrical jeads; P, top plate of hydrogen container; 7; monel tube for evacuation; D, Dewar flask; Ca, 
brass case; K, point at which leads pass through shield; 2: and 2s, copper rings; H2, cable heater; Co, ajumi- 
ntim cone; 7; monel tube for exhausting over bath; Ri, brass ring; W4, wire for t hermal shunt; Ch, vacuum 
chamber; J sliding joint between top and side of shield; S, shield; *7), filling tube; B, baffle; Hi, heater; 
C, calorimeter; 7’, resistance thermometer; W’, thermometer well; F:, weighing flask; reservoir; Vi. 
and V3, copper vanes. . ; 


between the thermometer and the well, W, was attained by filling the 
excess space around the thermometer with low-melting (90° C) solder. 
The cone, Co, is a piece of aluminum foil 0.001 in. thick to trap heat 
radiated from the exposed ends of the heaters. The calorimeter is 
supported by the monel tube, 7, through which the calorimeter was 
filled and emptied. ie 
The radiation shield, S, is made of sheet copper 0.4 mm thick. 
It is cylindrical with conical ends. -The bottom is soldered to the 
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cylindrical side; and the joint, J, at the top is a close sliding fit -be. 
tween the side and a flange on the top.. Electric heaters on the shiel 
and differential thermocouples between the calorimeter and _ shieli 
were provided so that all parts-of the shield could -be kept at th 
temperature of the calorimeter. _Tlie heater on the side of the shieli 
consists Of a single layer of No. 30 AWG double silk-covered constan. 
_tan wire entirely covering the side. Two wires were wound side by 
side and connected in parallel so as to obtain the desired resistance 
The heaters on the top and bottom cones of the shield were wound o, 
the projecting cylindrical copper rings shown. in the figure. Althoug) 
these heaters do not achieve as uniform distribution of heat as does 
the side winding, a calculation showed that errors arising from the 
‘nonuniformity of temperature would be negligible. Glyptal lacque 
applied to the heater wires as they were wound served to cement then 
-* in place and to improve their thermal contact with the shield. After 
‘the heaters were wound, the shield was covered with aluminum foi 
to reduce -radiation. The heater and thermocouple circuits and the 
distribution of the thermocouple junctions will be described later. 
The radiation shield is supported by the tube, 7), and the assembly 
thus far described hangs in the evacuated chamber, Ch. There is an 
opening in the shield through which the electric leads pass so that the 
space between the calorimeter and the shield is ia evacuated 
However, aluminum foil was placed over this opening so that there 
— be no direct path for radiation to leave the space inside the 
shie 
‘The temperature of tube 7, was controlled: by means of a heater 
of constantan wire wound in a single-layer from a point about 2 cm 
above the top of the shield to a‘peint level with the top of the Dewar 
flask, D.- At the. lower end of this heater was soldered a copper 
wire, W;, No. 18 AWG, which provides a thermal path to the cold 
ring, R,. The wire is in two parts, which were soldered together 
after assembling the shield system, the total length of wire. from th 
tube to. the ring being about 7 cm. <A thermocouple junction on thi 
tube just below the copper wire indicated the difference in tempers- 
ture between this point and the shield. By means of this thermo- 
couple and the tube heater the tube Was kept about 0.01 degree warmer 
than the calorimeter to prevent condensation of butadiene in the tube 
The Dewar flask, D, contains a bath that supplies the refrigeration 
Solid hydrogen was used for the lowest temperatures, which. were 
obtained by’ closing the filler tube, 7, and reducing the pressur 
over a bath of liquid hydrogen by’ pumping out the vapor through 
- the tube, 72, by means of a large vacuum pump. For successive!) 
higher temperai ures the refrigerating materials were liquid hydrogen, 
liquid air, solid carbon: dioxide, ice, and water. When liquid or soli: 
hydrogen. was used as the refrigerant, the brass case, Ca, surrounding 
the Dewar. flask was immersed in liquid air, in a ‘larger flask, toak 
level.above the top plate, P. 
The electric leads enter the vacuum space through the wax oe al 
L and pass down through the tube, 7;. They are brought to the 
temperature of the bath by being wound twice around the brass ring, 
R,, and are cemented to it with Glyptal lacquer. Leaving the ring, 
the leads pass down outside the shield and are brought to the tem- 
—" of. the shield by means of the heater, //,, wound on the | 
eads. This preheating of the leads before they come into contact | 
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with the shield is done to avoid a cold spot on the shield. The 
leads are then wound in a single layer as a helix passing up the side 
of the shield under the shield heater and making four turns around 
the shield. At point K.some of the leads are separated from the 
bundle and are connected to the heaters and thermocouples. The 
remaining leads enter the shield and make a turn around ring Rg, 
which is soldered to the top of the shield. ‘They then pass to the’ 
calorimeter, making a turn around ring R;, which is soldered to the 
top of the calorimeter. The leads are cemented to the rings with 
Glyptal lacquer and are bound down tightly with thread. Leaving 
ring R; the leads pass down the side of the calorimeter and are con- 
nected to the thermometer and heater. All the- leads are No. 34 
AWG copper wire insulated with enamel and silk. 

The filling tube, 7), communicates through the valves with the 
flasks, Ff, and F,, or with the vacuum system. The amount of 
butadiene ‘involved in an experiment was determined by transferring 
the butadiene from the calorimeter to the brass’ container, F,, and 
weighing F, before and after the transfer. A union not shown per- 
mitted the removal of F,; so that it could be weighed on an analytical 
balance. In the Pyrex flask, F,, the approximate volume of the buta- 
diene was visually estimated before transferring it to the calorimeter. 
This flask was also used as an auxiliary reservoir in experiments on 
the heat of vaporization. 


(b) ELECTRIC CONTROL CIRCUITS 


The thermocouple circuits and the locations of the junctions on the 
apparatus-are shown in figure 4. ‘The numbered arrows on the dia- 
gram.of ‘the calorimeter and shield show the locations of the junctions 
and refer also to the corresponding junctions shown in the circuit 
diagrams, A and B. Maultiple-junction thermocouples were used 
between the shield and the calorimeter, as it is here that the most 
accurate control is necessary. - The three-junction couple between the 
calorimeter-and the side and bottom of the shield was wired so that the 


_galvanometer, @,, could be connectéd through .the plug contacts, P, 
‘to any adjacent: pair of leads from junctions ‘1, 2, 3, and 4. This 


allowed the operator to explore the temperature distribution over the 
shield so that the ratio of the heat supplied to the side and bottom 
could be adjusted to minimize the temperature differences. While 
measurements were being made the contacts, P, were connected to 
leads 1 and 4, thus using-the total emf generated by the three-junc- . 
tion thermocouple. The six-junction thermocouple, between the top 
of the shield, 8, and the top of the calorimeter, 9, permits the detection 
of very small temperature differences between these two points. Very 
accurate control was desirable here to prevent heat conduction between 
the shield and the calorimeter along the leads and the filler tube. 


The elements of the multiple-junction thermocouples were constantan 


and Chromel-P. The combination of these alloys has a greater ther- 
moelectric power than constantan-copper, and Chromel-P possesses 
the additional advantage that its thermal conductivity ‘is much less 
than that of copper. Copper-constantan junctions at 11 and 12 with 
the reference junction at 10 were used in maintaining temperature 
equality between these points. Single junctions were uséd at 11 and 
12 as high accuracy is not necessary in controlling the temperature 
649238—45——-4 , : 
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of these points. The constantan and Chromel-P thermocauple wires 
. were No. 32 AWG, double silk insulated. All the junctions excep; 
_ 11 and 12 were enclosed ‘in flat sheaths about 3 mm wide and 8 mm 
long, made of sheet copper 0.2 mm thick. Strips of mica were used 
to insulate the wires from the copper sheaths. - A cross section of this 
pr pe is shown at C, figure 4.’ After inserting the junctions 
and the mica insulating strips into the copper sheath, the copper was 
crimped tightly on the mica by pressing in a vise. Junction 11 was 
insulated with silk floss and inserted into the bundle of leads, which 
were then bound together with thread and impregnated with Glyptal 
lacquer. Junction 12 was insulated with silk floss and bound to the 
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Ficure 4.—Diagram of thermocouple circuits showing locations of junctions. 


A, circuits for top, cable, and tube; B, circuits for side and bottom; C, enlarged diagram of thermojunction 


tube with thread, Glyptal lacquer again being used as a cement for 
_ improving thermal contact. The sheathed: junctions were ‘held in 
._place on the surfaces of the calorimeter and shield by wedging them 
under small bridges of copper which were soldered to the surfaces. 
The junctions of the six-junction thermocouple were held against the 
‘inner surfaces of the rings, R, and R;, by short pieces of watch spring 
coiled inside the rings. The sensitivity of the thermocouple circuits 
at 90° K were as follows: Top (six junction) 1.6 mm per millidegree; 
side (three junction) 0.8 mm per millidegree; ring and tube (single 
junction) 0.2 mm per millidegree. a 
The control circuit for the shield system is shown in figure 5. The 
resistances marked side, bottom, top, ring, and tube represent the 
electric heaters on the respective parts of the adiabatic shield system. 
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A;, As, As, and Ay, are milliameters for measuring the current in each 
circuit. ‘The currents supplied to the heaters are controlled by the 
j-amp Variac transformers, V, and. V2, and the 500-ohm 50-w ‘poten- 
tial-divider rheostats, R,, R2, -R3, and Ry. When measurements are 
being made, the Variacs and rheostats aré first adjusted so that the 
thermocouples .on the shield. system indicate approximately constant 
adiabatic conditions and then minor variations are compensated by 
the use of keys K, and K; in each circuit. A, shorts out a resistor of 


100 ohms, thus momentarily increasing the current in the circuit, 


and K, opens the circuit momentarily. This operation is more con- 
venient than changing the rheostat settings to compensate small 


variations in temperature. The 3,200-ohm potential divider is used 
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A, Aa, As, and Ag, ammeéters; K, and K2, contact keys; Ri, Ro, Rs, and Rs, rheostats; Vi and V3, Variac 
. 3 _ transformers. : 








* Fiaure 5.—Diagram of electrical control circuits. 


to adjust the ratio of the heat supplied to the side and bottom parts 
of the shield. After once adjusting this ratio, it was not found . 
necessary to change it,. : 


(c) MEASURING CIRCUITS 


The circuits for measuring the electric energy supplied to the calorim- 
eter and for measuring its temperature before and after heating are 
shown in-figure 6. The current through the heater is determined b 
measuring the potential drop across a 1-ohm standard in series wit 
the heater. The potential across the heater is determined by measur- 
ing a part of this potential by means of the volt box, which has a 
nominal ratio of 1 to 150. The leads from the volt box to the heater 
are actually part of the total volt-box resistance, so it is necessary to 
include their resistance when calculating’ the potential across the 
heater. Also part of the current that flows through the 1-ohm 
standard flows through the volt box; so this correction must be also 
made in calculating the current through the heater. One of the 
potential leads is connected to a currént lead at its point of thermal 
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contact with the shield just before crossing the space between the 
calorimeter and shield. The other potential lead is connected to the 
other current lead at its‘first point of thermal contact with the calorim- 
eter. Thus the measured electric energy is the energy developed in 
the heater plus the energy developed in that part of one current lead 
which traverses the space between the shield and the calorimeter, As 
the two sections of the current leads crossing from the shield to the 
calorimeter are equivalent, the same amount of heat will be developed 
in each. If it is assumed that this heat divides equally between the 
‘ calorimeter and shield, then the heat supplied to the calorimeter will 
be that which is measured by this arrangement of the potential leads. 

The time of heating was controlled and measured by making use of 
tirne signals supplied by the Riefler clock in the Time Section of this 
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Fiaurke 6.— Diagram of measuring circuits; 


Bureau. The signals consist of electric impulses at 1-second intervals, 
except for a 2-second interval at the.end of each minute. With switch 
S; closed, the operator notes the impulses actuating the relay. When 
the 2-second interval appears, the switch S, is closed; and the next 
impulse will close the 30-v circuit that actuates the magnetic switch. 
This switch is so constructed that it may be preset to snap either from 
left to right or from right to left when it receives the 30-v impulse. 
' Thus the time of heating is an integral number of minutes. When 
. the current is not flowing through the calorimeter heater, it flows 
through a dummy of equal resistance so that the battery current is 
constant. . 

Some tests were made in which the magnetic switch was used. to 
operate the clutch of a synchronous interval timer driven by an ac- 
curately controlled 60-cyele supply. The reading of the interval 
 timer-were found to be within.0.0] second of the interval indicated by 
the clock-controlled circuit. 
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The temperature of the calorimeter was determined by measuring 
the resistance of the four-lead platinum resistance thermometer by ° 
means of the Mueller resistance bridge. The temperature rise during 
a heat was determined with an accuracy of about 0.001 degree except 
at temperatures below 20° K, where the sensitivity was of the order of 


0.01 degree. 


2. SPECIFIC HEAT 


(a) METHOD OF MEASUREMENT 


The specific heat of butadiene was obtained from measurements of 
the heat capacity of the calorimeter and contents. Two sets of heat- 
capacity measurements were required, one with a large amount of 
material in the calorimeter and one with a small amount. This pro- 
cedure, which entails measurements with a small amount of material 
in the calorimeter rather than with the calorimeter empty, has been 
described by Osborne [9]. It not only takes into account the tare heat 
capacity of the calorimeter but makes possible an accurate correction 
for the effect of the vapor in the space above the solid or liquid in the 
calorimeter and connecting tube. In making the correction it is not 
necessary to know the volume of the vapor space nor the temperature 
of the filler tube, provided the temperature is the same during both 
sets of measurements. Oat wha 

The data from which heat capacities were calculated consisted of 
values of the temperature of the calorimeter and contents before and 
after a measured amount of electric energy had been added. The 
temperature rise during a heating period was usually about 10 degrees, 
although it was sometimes as small as 4-degrees or as large as 30 degrees. 
The rate of temperature rise was varied from about 0.5 degree per 
minute to 7 degrees per minute. ° The rate of 7 degrees per minute was 
taken between 20° and 30° K, where the heat capacity was small. 
This high rate could not safély be reached at temperatures above 
100° K Nccnaign the electric leads were too small for the required cur- 
rent.. About 3 degrees per minute was the highest rate attained at 
temperatures above 100° K. One to two degrees per minute was the 
normal rate of rise. No consistent differences were observed between 
the data obtained from long heating intervals and those from short 
intervals, or between the data obtained from rapid heating and those - 
from slow heating. a * awa * 

_ (by METHOD OF CALCULATION °° 


If a quantity. of energy, AQ, is required to raise the temperature of 
the calorimeter and contents an amount, AJ, the average heat ca- 
pacity over this temperature interval.is AQ/AT. The true heat capac- 
ity, dQ/dT, is the limit of this fraction as AT approaches zero. This 
limit, dQ/dT=[G@lre, may be calculated from the finite measured 
quantities by means of a relation given by Osborne, Stimson, Sligh, 


and Cragoé [10]. - : 
ig] he dy. _ AQ o°G (AT)? _ o'G (AT)* (1) 
Te LdT |r, AT “LOT*-|r, 24 oT" |,, 1920’ . 


where AQ is the heat added, AT’ is the temperature rise, and T, is the © 
average temperature of the heating. In making the calculations, the. 
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> derivatives of @G with respect to 7 were replaced by derivatives oj 
AQ/AT with respect to 7. .This is permissible because AQ/AT is 
approximately equal to G. Values of the derivatives were determined 
from graphs of AQ/AT versus T. The last term. involving the fourth 
derivative of G was found to be negligible for all the data for which this 
method was used. In fact, the term in which the second derivative of 
' @ appears was usually less than 0.1 percent of G. 
he heat-capacity data were correlated and .values obtained at 
intervals of 5 degrees by finding approximate analytical representations 
and plotting the deviations of the observed values from these formulas. 
- low temperatures the heat capacity was represented approximately 
a modified Debye function D[@/(7+B)] suggested by Harold J. 

ta The Debye function was evaluated from the tables repared by 

Beattie [11]. By determining appropriate values of 6 and B this fune- 
- tion could be made to fit the heat-capacity data of the full calorimeter 
from 15° to 100° K. When the calorimeter eontainéd only a-small 
‘amount.of butadiene it was possible to use this function from 15° to 
150° K, the maximum deviation being about 2.5 percent of the heat 
capacity at 100° K. The conventional Debye function D(6/T) could 
not be used over such large ranges of temperature. At temperatures 
above 100° K for the full calorimeter and above 150° for the almost 
' empty calorimeter, the heat-capacity data were represented approxi- 
mately by equations of the form G= sir Mag Tables were con- 
structed giving G,, the gross heat capacity when the calorimeter 
contained a large amount of butadiene, and G,, the gross heat capacity 
-. wher it contained a small amount. 

The specific heat along the saturation line, C,o:., was calculated by 
means of the equation 


; eum O=G «nd (udt 


where » is the specific volume of the condensed phase and P is the 
vapor pressure. This oer var was derived from relations given by 


| Osborne [9]. The term T° ac or) allows for the fact that the gross 


heat capacity @ includes some heat of vaporization. That is, sufficient 
butadiene evaporates to maintain saturation pressure in ‘the space 
above the condensed phase in the calorimeter. The last term of 
equation 2 is négligible for solid auineiene because the vapor pressure 
of the solid is low. 

Values of v(dP/dT) for the liquid were obtained from vapor-pressure 
equation 4 (section IV-1, c) and values of.v from table 13. 


(<) RESULTS _ 


The results of the specific-heat determinations are shown in figure 
7 and in tables 1 and 2. Thesymbol C,,,. is used to denote the specific 
_ heat at saturation. The graph at the bottom of figure 7 shows the 
‘Eterences between the specific-heat values obtained for the different 
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samples in the temperature range 60° to 215° K. -In the liquid range 
there is excellent agreement, the differences usually being less than 
0.1 percent. However, in the solid state the differences between 
the specific heats of the different samples is considerably larger. At 
70° K the specific heat of sample 1 is about 1.8 percent larger than 
that of sample 4. It is unlikely that this difference can be accounted 
for by experimental error as different measurements on the same 
sample agreed within about 0.1 percent, and in the liquid state the 
agreement between the measurements on different samples was 
equally good. It was thought at first that the discrepancies might 
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FiaurEe 7,—Specific heat along the saturation line for 1,3-butadiene as a function of 
; temperature - : 


have resulted from different rates of cooling of the different samples, 
but a test made to detect such an effect gave a negative result. . The 
most reasonable conclusion is that the differences were caused. by 
different amounts of impurity in the different samples. This explana-' 
tion requires that the impurity affect the specific heat to a much greater 
extent than would be expected from the additive law of specific heats. 
The large differences just below the triple point are caused by the: 
premelting of samples 1 and 3. Sample 4, the specific heat of which 
is used.as the reference in the deviation graph, contained ‘so little 
impurity that there was no apparent premelting until the temperature 
was within 0.2 degree of the triple point. ~ ; 
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TaRLE 1.—Specific heat of solid 1,3-butadiene 
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TABLE 2.—Specific. heat of liquid 1 ,3-butadiene 
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In table 1 values-of specific heat at 5-degree intervals at saturation 
are given for the different samples of butadiene in the solid state. 
Table 2 gives values at 5-degree intervals of (G@,—G,)/(M,—M,) for 


the three samples in the liquid state together with values of Td on) 


The values of C,,;. in. table 2 were obtained by averaging the values of © 


(G,—G,)/(M,—M,) at-each temperature and adding the value of 

re * « lle : 

an “ar eee 
3. HEAT OF FUSION 

(a) METHOD OF MEASUREMENT 


The heat of fusion of butadiene was determined by measuring the . 
energy required to heat the calorimeter and contents from a tempera-. 
ture somewhat below the triple point to a temperature above the triple 
point.. The initial temperature was chosen so as-to be below the pre- 
melting region. The heat of fusion was obtained by subtracting from 
the total energy (I) the energy required to heat the calorimeter plus 
its solid contents from the initial temperature to the melting tempera- 
ture, and (2) the energy required to heat the calorimeter plus its liquid 
contents from the melting temperature-to the final temperature. In 
computing quantity (1), the specific heat. of pure butadiene was used 
in obtaining the heat capacity of the calorimeter and contents so as 
to avoid errors that may be caused by: the premelting of impure 
samples. . In this way the heat of premelting is included in the value. 
obtained: for the heat of fusion. - The heat of fusion was from 60 to 
90.percent of the total energy added in the. measurements on the . 
different samples. ' 

; (b) RESULTS 

The results of the: determinations of the heats of fusion are.as fol- 
lows: Sample 1, 147.53; sample 3, 147.59; sample 4, 147.65 int. j g™!. 
The mean of these values is 147:59 int. j g™'. It may be noted that 
there is little difference in the heats of fusion of the samples, although 
they contain ‘different, amounts of impurity. The scattering of the 
results is no more than would be expected from ordinary errors -of 
observation. Assigning a reasonable probable error, the heat of fusion 
of butadiene may be given as 147.6+0.1 int. j g™, or 1908.4+1.3 
cal mole™!. 

4. HEAT OF VAPORIZATION 


(a) METHOD OF MEASUREMENT 


The measurement of the heat of vaporization consisted of determin- 
ing the amount of electric energy required to vaporize a measured 
quantity of butadiene. This was accomplished in the following man- 
lier: 

Referring to figure 3, the reservoirs, F, and F,, were cooled by sur- 
rounding them with solid CO,. The.calorimeter was brought to the 
desired temperature and the shields adjusted to adiabatic conditions. 
Then the switch was closed, sending current through the calorimeter 
heater. _The valve leading to F, was opened, atid the valve leading 
to the calorimeter was used as a: throttle and adjusted until the tem- 
perature. of the calorimeter was almost constant. A final adjustment 
of the. current through the calorimeter was: necessary: to obtain a 
Steady temperature. After..equilibrium had been established, the 
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valve leading to F, was closed and the valve to F, was opened withou 
disturbing the adjustment of the throttling valve. After a measure; 
interval of-time, the valve to F, was closed.and the calorimeter heater 
turned off. The amount of butadiene vapor removed from the calori. 
meter during the measured time was determined by weighing F, befor 
and after each run. The temperature of the calorimeter was kept con- 
stant during a run by making small adjustments of the heating cur. 
rent at measured times, -so that the total energy input could be meas. 
ured by measuring the current ‘and potential drop through the heater 
during each interval of tine between these adjustments. The ad- 
justments of heating current were of the order of 1 percent, and-usu- 
ally several minutes would elapse between adjustments. The plat- 
inum resistance’ thermometer was assumed to be at the temperatur 
of the vaporizing liquid. This may riot’ be strictly true, but if errors 
arise from this source they should be dependent on the power input, 
and no such dependence was observed. As the time of withdrawal of 
the measured sample is determined by manual operation of the valves, 
the ‘error in timing may be as large as one-half second. The time of 
withdrawal ranged from 15 to 40 minutes. 


(b) RESULTS 


If Q is ‘the energy input. during the -w ithdrawal of M ‘grams o/ 
vapor, beaas heat of vaporization JL, is 


D 


where v is the specific volume of ‘the liquid, and V is the specific 
volume of the vapor.’ @/4/ is not the true heat of vaporization as part 
of the material vaporized does not leave.the calorime ‘ter but fills the 
space vacated by the vaporized liquid. 

Table 3 gives the data and results: on the heats of vaporization. 
The energy input, Q, and the mass Ww ithdrawn, M, are-given for each 
individual vaporization at a given temperature, and “thie quantity 
@/M is computed, In. order to obtain the mean value of Q/M for 
each temperature the sum of. the energy input was divided’ by th 
total amount withdrawn. This is shown in the bottom line of each 
group of measurements. _ This mean value is equivalent. to, that which 
‘would have been obtained by weighting the individual observations 
in proportion to the amount of butadiene vaporized. . In calculating 


the latent heat, | i w('—): values of # and V were taken from 


table 13. The average deviations of the observations from the mean 
- value of Q/M are given in-the next to last column of. table 3. These 

range from 0.04 to 0.06 percent, and the maximum . deviation of a 
single observation i is 0.20 percent. ; 
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TaBLe. 3.—Data and results of heat-of-vaporization experiments — 
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The formulated values of L (see section VI-2) at temperatures of 
even degree centigrade (table.13) lead through interpolation to the 
values given in .the last -column of table 3. The agreement at 
295.67° K is excellent, the calculated value being slightly higher than 
the observed. The calctlated values at 268.60° and 247.07° K are 
only 0.13 and 0.16 percent lower than the respective observed values. 


5. ACCURACY OF CALORIMETRIC MEASUREMENTS 


Some tests were madé with the calorimeter to determine the accu- 
racy with which measurements ¢ould be made. Water was chosen 
as the test, material -as.very reliable data [12] are available. The’: 
specific heat. of water was measured in the calorimeter between 1° 
and 22° C. Three heats were made in.this range of temperatures, 
and the maximum difference between the values obtained and those 
given by ‘Qsborne, Stimson, and Ginnings was 0.03 percent. Three 
determinations of the heat of vaporization of water‘at 20° C yielded 
a maximum difference of:0.17 percent, although the mean of the 
three measurements agreed with Osborne’s values to 0.03 percent. 
The measurements on the specific heat of water are probably some- 
what more reliable than those’ obtained on substances having lower 
specific heats, as the heat capacity of the water sample is a larger 
fraction of ‘the total heat capacity of the calorimeter plus contents 
than it is: for other substances. The measurements of the heat of 
vaporization of water, however, are probably comparable with the 
measurements on butadiene. The heating rates and total energy 
input- during heats were about the same for the two substances. 

Taking into consideration these tests, and the scattering of the 
observations ‘previously mentioned, the estimates of the probable 
errors of the calorimetric. measurements described in this paper are 
as follows: Specific heat, 0.1 percent between ‘40° and 300° K, be- 
coming possibly as large as 1‘ percent below 20° K; heat of fusion, 
0:07 percent; heat of vaporization, 0.15 percent. ¢ a 
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IV. PRESSURE. VOLUME-TEMPERATURE MEASUREMENTS 
1; VAPOR PRESSURE. 


The vapor-pressure measurements comprised two groups of obser. 
vations made with two independent sets of apparatus. The first 
group of observations ‘covered a temperature range from 195° to 
288° K or a corresponding pressure range up to about 2 atm. The 
second group covered the temperature range 0° C to the critical tem 
perature. Above 110° C, however, the accuracy was reduced con- 
siderably by rapid polymerization of the sample. The method used 
in both series of méasuremients was that’ in which static equilibrium 
was approached between the liquid and the vapor portions of the 
sample. At the higher temperatures the approach was always: by 
condensation of some of the.sample rather than by evaporation, as 
the former procedure had been found to be more rages with other 


substances. 
(a) MEASUREMENTS FROM 195° TO 288° K 


The apparatus used for these observations consisted of a mercury 
manometer of 10-mm bore, which was read by-means of a mirror- 
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fieurs 8.—Comparison of vapor pressures observed in the first group of measurements 
with calculated values. 


backed glass scale graduated in millimeters and supported against the 
manometer tubes. One arm of the manometer was connected to the 
filler tube of the calorimeter, in which there was a quantity of buta- 
diene from sample 4. When ‘making measurements of vapor pressures 
below 1 atm the other arm of the manometer was evacuated. For 
. measurements above 1 atm this arm was open to the. atmosphere. 
’ In the latter case, one measurément of the atmospheric pressure was 
made with a precision barometer for each set of three readings of the 
manometer at a given temperature. 

Figure 8 shows: the deviations of the observations from the values 
calculated from equation 4. It was thought that the pressure measure- 
ments ‘were reproducible to about +0.2 mm Hg. The deviations 
below 270° K confirm this. Howeyer, above this temperature there 
is considerably greater scattering, w hich has been attributed to the. 
presence of some impurity, causing the vapor pressure to depend on 
the amount condensed, as described in the section on purity. 
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(b) MEASUREMENTS FROM 6° TO: 152° C- 


- The apparatus used in these measurements was entirely independent 
of that used in thé group (a) measurements made in connection with 
the calorimetric experiments. 

It is shown diagrammatically in figure 9. The vapor pressure of 
the butadiene in the closed end of one manometer is transmitted 
through the mercury and oil to either an open-ended auxiliary mer- 
cury manometer for the low-pressure measurements or to a dead- 
weight piston gage for the high-pressure measurements [14]. 

As static vapor-pressure measurements are susceptible to errors. 
due to more Volatile impurities, provision was made to vary the buta- 
diene Vapor space so that the: vapor-pressure measurements could 
be extrapolated to large vapor volumes. The vapor space was varied 


<—F ROM 
OIL PUMP 


FicurE 9.—Connecting lines for vapor pressure measurements. 


by changing the amount of oil between the mercury manometers by 
meanis of the piston-gage oil pump. : 

Two types of mariometers containing the butadiene were used and 
are shown in figure 10. Each consisted of a U-shaped glass tube with 
a metal valve soldered [13] to one arm. In the manometer shown in 
figure 10, A, the butadierie was distilled into a space above the mer- 
cury meniscus and sealed at C. In figure 10, B, the butadiene was 
distilled through a small third arm and sealed at D. By closing the 
main portion of the manometer with a mercury seal before sealing 
the glass, any: gases freed during the sealing off.and not removed by 
the vacuum pump were trapped at D. In the sealing of both types 
of manometers the butadiene was: cooled with liquid air. he 
manometer shown in figure 10, B, was made with calibrated volumes * 
as shown, and could also be used later in the measurement of vapor ~ 


density. ; 


The small size of the samples used inthis group of observations 
necessitated great care in regard to the cleanliness of the apparatus. 
The glass manometers were washed with nitric acid, soaked several 
hours with freshly prepared chromic acid, and rinsed several times with 
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distilléd water. The last rinse. water, which remained in the -map. 
ometers several hours, had substantially the same electric conductivity 
as the distilled water used. The manometers were. outgassed by 
heating with a torch during evacuation, and the mercury was intro. 
duced by distillation. A small quantity of butadiene was admitted 
and then pumped out before ry - a sample. into a manometer 

For the measurement at 0° C, the butadiene was completely im- 


0.0449 ML 
2 
4928 ML 
3 . 
a 1.092 ML 


A ‘B 
FIGuRE ‘10. —Manometers used. inllmeasurements of vapor) pressure ond of density 
of vapor. 























mersed in an icé bath. At higher temperatures, a stirred thermoregu- 
lated oil bath was used. ‘Temperatures were measured with a four 
lead, potential-terminal, platinum resistance thermometer of the 
coiled-filament ‘type, calibrated according to ‘specifications of thi 
International Temperature Seale [15]. © T he elevations of the merc ury 
surfaces were referred’ to steel scales graduated in millimeters and 
suspended between the arms of the manometers. 

__ Seven samples were at various times distilled into manometers fo: 
these vapor-pressure measurements. The first five were subsamples 
. taken from sample 3, already described in the section on preparation 0! 
samples, and were numbered 3a, 3b, 3c, 3d, and 3e, respectively. The 
. other two (4a and 4b) were taken from sample 4. 
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The results of the measurements on-samples 3b, 3e, and 4b are 
presented in figures 11, 12; and 13, respectively, in which the abscissas 
represent the volume occupied per gram of sample, whereas the. 
ordinates represent pressures in centimeters of mercury corrected to 
0° C and to standard gravity. In order to represent several isotherms 
with the same coordinates, a constant of appropriate amount for each 
isotherm is subtracted from the pressures. Observed values are 
represented in the three figures by various symbols, the same symbol 
being used uniformly for any one. isotherm, calculated values are 
represented by black squares, the vapor pressure being calculated from . 
vapor-pressure- equation 4, and the corresponding volume being 
calculated from the equation of state 6. At 0° C the specific volume 
of the vapor (336 ml/g) is considerably off the scale. ; 
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Figure }1.—Vapor-pressure data for{sample’3b. 
= Values of pressure calculated from vapor pressure equation 1 and values of specific volume of saturated 


vapor calculated from equation of state 13. Specific volume at 0° C=335 ml/g. Dotted line and arrow 
indicate temperature to which §§ symbol belongs. Other symbols represent observed values. i 


The data at 0° C consist of numerous observations made initially on 
‘ach sample; followed by observations at higher temperatures, with 
occasional repeated observations at 0° C. Such repeated obserVations 
after 62° C for samples 3e and 4b and after 112° C for sample 3e’are 
represented in figures 12 and .13-by the same symbols as earlier 
measurements at 0° C. As. their positions in the figures do not 
distinguish.them from earlier‘ measurements, it is believed that poly- 
merization was thus far negligible. . The agreement between the vapor 
pressures of the purer samples also indicates that at temperatures up 
to and including 112° C polymerization caused no appreciable effect. | 

Of the first four samples, which were not as pure as the others, only 
the data.on sample 3b are presented. Besides comprising most of the 
data above 100° C, they are of special interest, as this sample was the 
only one in a manometer of sufficient capacity to permit the complete 
evaporation of the sample at room temperature, thus furnishing a 
better illustration of the variation of pressure with volume. ‘The. 
Observed values. for the vapor pressure of this sample (fig. 11) are 
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noticeably higher than the calculated. These differences are attrib. 
uted to volatile impurities. On the other hand, the observed vapoj 
pressure, 31,945 mm, at 152° C (not shown in fig. 11) i is low by 484 mm, 
at least partially due to the extremiely rapid rate of polymerization «t 
this temperature. 

Two observed values of vapor pressure at 62.05° C for sample % 
(see fig. 12) are notable for being considerably below the calculated 
—— even though the volume of sample was in one case slightly 
ess than that calculated for saturated vapor. This is probably due to 
an impurity less volatile than butadiene, which appears to be absent 
in sample 4b (see fig. 13). 

'- In addition to these data the vapor pressure of sample 4a was 
measured at 0°, 99.88° ©, and at the critical temperature (discussed 
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Ficure 12.—Vapar-pressure data fer sample 8e. 
@= Values of pempee calculated from vapor-pressure equation 11 and values of specific volume of saturate: 


vapor calculated from equation of state 13. Specific volume at 0°=335 ml/g. Other symbols represent 
- observed values. 


later). The observed values sins to the first.two temper 
 atures,.902.0 mm and 12,973 mm, are in very good agreement with the 
respective values . calculated from the vapor-pressure ‘equation, 
‘namely 899:7 and 12,971 mm, especially when one considers that 
‘observations with this sample at 0° C were possible only with a smal 
portion’ ote gt on account of the relatively — mass of sample. 

The results ef these measurements show that the observed vapor 
' pressures depended somewhat on the relative amounts of the sample 
that were in the liquid and vapor phases. This indicates the presence 
of an impurity. The data show that the first four samples, 3a, 3b, 
3c, and 3d, contained approximately equal peréentages of impurity, 
that sample 3e contained somewhat less impurity (prabably due te 
the improved method of sealing the sample), and that samples 48 
and 4b contained still less impurity (in consequence of a purer sup- 
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Ltrib. jy). The accuracy of reading at 0° C would lead one to expect re- 
apo Bits reproducible to-within 0.5 mm; but the variation obtained was 
a, nbout three or four times that amount, as may be seen in figure 14, 
on &t RE, which the observed pressures for samples 3e and 4b are represented 
le 3 t 0° C with a more open scale than in figures 12 and 13. It would 
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l'iGuRE 13.—Vapor pressure data for sample 4b. . 


Symbols are same as in figure 12, 
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Ficure 14.—Wapor pressure of samples 3e and 4b at 0° C. 


100 


appear that the excessive variation was due to a rather large lag in 
approaching equilibrium. ‘The time required to remove the heat 
of condensation may have been supplemented by the time required 
for diffusion of an impurity between the butadiene liquid surface and 
the oe of the liquid, especially in the earlier-and less pure 
samples. ° ; 


649238—45— 
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©) VAPOR-PRESSURE EQUATION 


The vapor pressure of 1,3-butadiene is represented over the tem 
perature range from the triple point to the critical temperature by 
the empirical equation ? , 


log p= A= B+ CX(10°**—1)]— E(T—243.16)*, 


- where 
A=7.2363 for p in mm Hg 

B=1165.21. ’ 
C=1.5875X10~* 
D=0.766 X10-"° 
X= 125,000—T? 
E=2X10-" (not to be used above —30° C) 
T=t+273.16=temperature in degrees Kelvin. 


The: last term, which is not used above —30° C, was added in 
order to produce a set of tables consistent with specific-heat data ix 
the low-temperature region.. This addition makes no change 1 in the 
values of vapor pressure as great as 0.01 mm. 

The equation represents the vapor-pressure measurements in th 
range from the triple point (—108.92° C) to room temperature, « 
illustrated in figure 8 and in the range 0° C to the critical temper. 
- ture, as shown in figures 11, 12, and'13. The representation i 
within the precision of the experimental data. 

Differentiation of the vapor-pressure equation gives 


din p_ 1p +0x(0-— 1)]+ 


20[10°*"(4.6052D X?+ 1) —1]—6E(T—243.16)°. 
(d) COMPARISON WITH DATA OF OTHER OBSERVERS 


-The values for vapor pressure calculated from equation 4 are cou- 
pared in table 4 with. those obtained by previous observers. Some 
preliminary measurements made by R. g. Jessup of this Bureau ar 
included in this table. These measurements were made witli : 
Bourdon gage and samples of butadiene that weré not as pure % 
_ those used to obtain the data presented in figures 8, 11, 12, and 13. 
The results of Vaughan [16] differ considerably from the present re 
‘sults both in pressure and in the rate of change of pressure with 
temperature. Heisig’s [17] results are in much better: agreement. 
although they are consistently higher than those obtained in this in- 
vestigation. : There appears to be a slight difference between Heisig’s 
observations obtained with the platinum resistance thermometer 
below the freezing temperature of mercury and the observations wit) 
a mercury thermometer at higher temperatures. The data obtained 


+ A vapor-pressure equation of the form , 
; Log p= A— 71B+CX(102x*—1)] 
was first used to represent the observed vapor pressures of CO: within about 3 parts in 16,000. — BS] 
Research 10, 381 (1933) RP538. It has also been used to represent the vapor pressures for several othe 
substances. The Value of X is usually approximately 0.7 Tt T?, éxcept for those- substances having ! 
- low critical temperature, in which ‘case the coefficient of = is smaller. The value of C for substance 
previously tried has been between 1.1X10~ and 1.22X10~. The exceptionally high value obtained for ¢ F 
for butadiene may be a consequence of the lack of accurate vapor-pressure data above 112° C, 
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y Moore and Kanep [18] deviate in an irregular manner, which sug- 
ests lack of equilibrium when their observations were made. The 
normal boiling temperature observed by Lamb and Roper [19] is onl 
slichtly lower than. that calculated from equation 4 and agrees wit 
hat obtained for some of the less pure samples of the present inves- 
tigation. ; “ ; 


TABLE 4.—Comparison of data of other observers’ with vapor pressures calculated 
; from equation 4 F 
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2. DENSITY OF SUPERHEATED VAPOR 
(a) METHOD AND APPARATUS __ . 


The density of the superheated vapor was measured for three 
samples of butadiene 3d, 3e, and 4b, the first of these being in the 
manometer illustrated in figure 10 A, and the other two in the manom- 
eter illustrated in figure 10 B. The volumes of these manometers 
were determined by weighing the mercury which filled the right-hand . 
arms to various depths when in an inverted position. 

A measured length of capillary in figure 10 A, and the space between 
marks 1 and 2 in figure 10 B, were used to measure the sample when 
nearly all condensed. A small vapor space was retained above the 
liquid to prevent sticking of the liquid in the top of the manometer. 
It had been previously observed that, after the sample was entirely 
condensed, the liquid broke away from the top of the manometer 
only after the pressure had been reduced considerably below the vapor 
pressure, and the violence of the separation was sufficient to scatter 
mercury droplets into undesirable places. ‘In addition to this method 
of measuring the volume of the liquid and estimating the mass of 
sample from the known density, volume (about 120 ml); pressure, and 
temperature of the vapor were observed before the sample was con- 
densed info the manometer: A correction was applied for the devia- 
tion from the ideal-gas law. This correction amounted to 1.5 parts in 
1,000 for sample 3d, and 2.4 parts in 1,000 for samples 3e and 4b, which 
Were filled with a charge at higher pressures than was sample 3d. 
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The measurements of vapor density may be divided into two classes 
In the first class are a few measurements in which the vapor occupie 
the space down to either mark 3 or 4 (see fig. 10 and accompanyiy 
discussion in the text). -In the second class are a larger number ¢) 
measurements in which the vapor extends to unmarked parts of th 
manometers. This latter class of measurements is less accurate thay 
the first. For sample 3d the position of only the dome of the menis. 
cus was observed, whereas for samples 3e and 4b, both the dome an( 
the edge of the meniscus were located with consequent improvement 
in accuracy. 


{b) RESULTS OF.MEASUREMENTS AND THEIR FORMULATION 


The results of the measurements on samples 3d, 3e, and 4b ar 
presented in tables 5, 6, and 7, respectively, together with a comparison 
of the observed..values of pV/RT with those calculated from the 


empirical equation of state ® ) 
. py _ 68 — o-ascrems [1.48 6( 7 ) +3.5 
RT \-= = Vv ane 2 -<— | (6 


where ? is in milliliters per gram, and the other variables are in con- 
sistent units. When p is in millimeters of mercury, and T is in degree 
Kelvin (7'=273.16+°C), the value of R is 1152.95 mm Hg (ml)¢ 
mole® C. Only a few of the differences in tables 5, 6, and 7 exceed ay 
amount appropriate to the accuracy of reading the position of th 
mercury-butadiene interface (see fig. 10, Aand B); The consistent 
difference between data for samples 3d and 3e does not exceed thi 
uncertainty in determining the mass of sample. 


Taste 5.— Measurements of vapor density for sample 3d 


Mass of sample by measurement of vapor 
Mass of samplé by measurement of liquid -__- 


Weighted mean value___, Pr ears " ' . --------.- 0.01591 gram 


— 5 > - - 








———————————— ——=—=—=—====—=—————_DE[=S—_—]——=—= 


: | Class of *| “'Temper- . Spevific pe/RT ob- po/RT cal- 
Nate lobservation| . ature Pressure volume served culated 


1943 


— | ——— |} 








°C mm He ml/g : 
30. 78 2206. 0 147. 39 0. 9279 0. 9260 
30. 80 2271. 142. 86 . 9261 . 9237 
30.31 |° 2337. 138. 34 . 9228 . 9213 
2470. 130. 04 . 9169 . 9165 
2674.8 | 122. 31 . 9166 9145 
2742.7 | 119. 11 . 9153 . 9121 
2844 | - 114. 20 . 9101 
| 
| 


| 
| 


" Mar. 2.. 





2045. : 109. 43 9030 _ 9050 





120. 04 . 9285 | 

* 3305. 6 100. 64 | . 9004 
1062. ! 81.14 | . 8850 | 
5, 509 71.28 | 

9, 110 39. 09 | 

12, 739 24. 89 | 


2680. * 


NWMwNMNMM NNN ww ten 


| 








Average deviation _- 


3 Equation 6 expresses pat a given T as a cubic equation in V, necessitating the use of successive approx 
mations for calculating the specific volume of the saturated vapor. For the first approximation it was cor 
venient to obtain values of e [27] from the simpler equation 


(12%) - eae ee” 
RT}, (1-2y , 
RT. 


where the subscripts g and / refer to gas and liquid, respectively, and p. is the critical pressure. 
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‘TABLE 6. — Measurement of vapor density for sample 3e 


Mass ¢ ——s 
Mass of sample by measurement of liquic 


Weighted mean value._...... ; 


fsample by measurement of vapor 





; cies 0.02749 
02741 
-- 0.02746 gram, 








Class of | Temper- 
rmebieenes ature 


Date 


m hon te ttt to 


mitch ete 


Average deviation class 1 
Average deviation class 2 


Specific © 


> » u 
Pressure | volume 





mm Hg 
4283. 7. 
. 4561.6 
5117.6 
4287. 1- 
462. 
4840. 
5120. 
5544. 


55R8. 
6665. 2 
9143. : 


12, 755 








po/RT ob- | po/ RT cal- | o:20l-6—col. 7 
. Served culated |. col. 7 





0.8881 | 
8800 
. 8635 
. 8908 
. 8830 
. .8750 
. 8669 |, 
. 8541 





* 9106 | 
8917 
. 8455 | 
. 7693 
. 6937 








TABLE 7.—-Measurement of vapor density for sample 4b 


Mass of sample by measurefnent of vapor 
Mass of sample by measurement of liquid--._.- PREM een lidiaslacmaliaieiiahdaisninie Sa prenneges 02746 


0.02757 


Re ee a rae pibeietindencieliaaian ae eee ee 0.02750 gram 








Date Class of Tem per- 
” observation ature 


uv Cc 
* 50. 08- 
50. 08 
62. 10 
62. 10 


mm to to to 


. 75.09 
.75. 08: 


78. 


99. 
99. 
99. 
“149. 
M49. 
149. 
“149. 
148. 
148. 
148. 
148. 
148. 
148. 
148 


ee ee ee ee 








to M te te te 


Average deviation class 1 
Average deviation class 2 


Specific 
heen 
Pressure volume 


mm Hg 
4, 060 




















po/RT ob- | pe/RT cal- | oC0l- 6—col. 7 
served culated . | col, 7 


. 
0. 8811 | 
. 8713 
822 
. 8536 


—23 
—0 
+13 

+5 


0. 8831 
8765 
. 8910 
8540 


- . 9029 
. 8047 
. 8341 
. 9163 
. 8257 
. 7344 
. 9359 
- 9128 
. 8437 
. 7539 
. 6887 | 
. 6587 
6247 |- 
. 6068 | 
. 5872 | 
5657 | 
- 5416 | 
. 5124 


—13 
+12 
+98 


~ 9017 
. 8657 
. 8423 
. 9144 
. 8854 
. 8329 
. 7432 
. 9815 
- 9122 
. 8484 
. 7526 
. S880 
. 6693 
. 6166 
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3. DENSITY. OF SATURATED LIQUID 
(a) METHOD AND APPARATUS 


The density of liquid butadiene was measured.in the pyrex glax 
icnometer illustrated in figure 15. The picnometer was calibrate 
y weighing the amounts ad wneny or water that filled the varioy 

parts of the picnometer. -The results of these calibrations are. giv 


20 




















|) 


FiGuRE}15.—Semisectional view of picnometer. 


in table-8. The worst discrepancy between the two calibrations i: 
-at mark 40, which amounts to about 1 part in 7,000. The mean 
value, which is less than 1 part in 10,000 from either calibration, was 
used in calculating the results. The cross section of the capillary 
used in the picnometer was measured as an aid in correcting for 
readings not directly at a mark. The cross section of the capillary 
portions between the valve and the large bulb is 1.00 mm?, that for 
the capillary below the large bulb is 1.38 mm*. Both capillaries 
were calibrated by weighing mercury threads of measured length. 
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TABLE 8.—Data from calibration of picnometer 





Capacity at 0°C 





Space included Water Mercury: 

calibration calibration 

(Sept. 15-16, | (Oct. 1-12, 
1943) | 





ml 
0. 0731 
1.8348 
1. 3442 
- 8922 
- 5667 
10. 8448 
- 1400 |. 

















The coefficient of volumetric expansion of the picnometer was . 
assumed to be 1.0010-° per degree centigrade. The stretch of the 
picnometer with pressure, calculated from the dimensions of the 
large picnometer-bulb (18-mm ‘outside’ diameter and 1.8-mm wall .- 
thickness) and the elastic. propeities of Pyrex, was 1.61107°/atm. — 

The méasurement of the density of liquid butadiene was subject 
to error from polymerization, especially at the higher temperatures. 
On this account, the densities at low temperatures were observed 
first and a correction applied to the measurements at higher temper- 
tures. This correction was determined by repeating the measure- 
ment at 0° C and noting‘the change in volume at 0° C resulting from 
polymerization at the higher temperature. Two subsamples, : 4c 
and 4d, were taken from the larger sample 4 for the measurements of 
liquid density. -Except at —78.72°C and at 0° C, the temperature 
was measured with the same platinum resistance thermometer used 
A ri Wake temperatures during the vapor-pressure investigation 
(IV-1 b). ; 

Several different baths were used for measuring the density of these 
samples at various temperatures. At —78.72° C the picnometer was 
packed in finely divided dry ice up to the level of the meniscus. 
Precautions were taken to purge air from the space above the solid, 
and to pack the dry ice thoroughly enough to avoid radiation from — 
the surroundings between the particles of solid CO,. At 95.67° C 
the picnometer was totally immersed in a steam bath operated at a 
pressure below atmospheric. The data indicated that the tempera- 
ture of this bath changed too rapidly with time, and in consequence 
of prolonged efforts to attain equilibrium, the correction for poly- 
merization was unduly large, so that the corrected result is not as 
reliable as at the other temperatures. At 0° C an ice bath of shaved 
ice packed with enough water to fill the crevices but not to float the’ 
ice was used. In order to maintain the butadiene meniscus also at 
0° C during the observations, a glass sight tube was placed between the 
picnometer and the bath container and ice was piled over the tube. 
At the remaining temperatures thermally controlled stirred liquid 
baths were used. : 


(b) RESULTS OF MEASUREMENTS AND THEIR FORMULATION - 


The data obtained are presented in: tables 9‘and 10. In these’ 
tables the ‘‘ volumes occupied” include corrections to the volume of 


‘the picnometer at 0° C and 1 atm. It is to be noted that the density 
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of the vapor given in these tables is not necessarily that of the saty. 
‘rated vapor but that of the vapor existing in the picnometer. Thy 
“apparent liquid density” is the quotient obtained by. dividing thy 
mass of liquid by the volume occupied. The corrected density wa 
obtained by adding to the apparent density (columns 8 of the tabl« 
9 and 10) the correction for polymerization already discussed. 


TABLE 9.— Measurements of liquid density for sample 4c 


Mass of sample by weighing in__... 8. 0392 
Mass of sample by weighing out.... 8. 0390 


M ean value 








| Volume 


Date — | Tempera-;—————_ 
(1943) _ turet 





density | 
| Apparent, 
q 


Correc- 


difference 
5 ted * 


Liquid Vapor 


. - °C ml ml g/ml 
Oct. 15... —78.72 | 10.9808 | 4.711 | 0.00005 
Oct. 15....__| .92| 11.5486 | 4.144 . 00043 
Oct. 15......| 12. 4463 |} 3.252 . 00277 . 030% 
Oct. | +53. 04 | > 13.7900 |* 1.833 .01456 |. 9656 | 5776 | 
Oct. 21.....-| +53. 23 | © 13.8016 | - 1.824 01423 | .026 : | .5773 | 
‘Oct. 27....-.| 95.67] 15.704°| .010/ .036 | . | 8.0: . 5119 | 
. : | 




















* Corrected for compressibility of liquid and for polymerization. 
. >» Not including 0.0475 gram of liquid in top capillary next to valve. 
° Not including 0.0454 gram of Jiquid in top capillary next to valve. 
TaBLe 10.—Measurements of liquid density for sample 4d 


_Mass of sample by weighing in 
Mass of sample by weighing out- -_- 


Mean value _...... 7. 4638 grams. 








— i ——e ——— 
Volume . Liquid density 

: Joy , Liquid ee 
Tempera- Vapor | Vapor Coi.5+col! 


hae , s by Brow 
(1943) ture f ; density | mass | ess 0) +0.00 10678 
, Vapor | difference 








Corré¢- 


4 
Apparent ted « 


—_—_. CR: Seer ee 
ml g/ml g g g/ml | g/ml giml 

‘ { - 10. 9814 4.71 0. 00081 | 0. 0038 7. 4600 0. 67933 0. 67933 0. 6484 

Nov. @.....] : 11. 5404 4. 146 . 00277 .O115 7. 4523 . 64525 . 64525 . 482 

Nov. 8... 38.73 | 12.4487 | 3.253} .00061| .0313| 7.4325 | .59705| .59702 _ BAS 

Nov. 9...... 13. 794 1.914 02613 | .0500 |- 7.4138 | .53746 | . 53709 6488 











* Corrected for compressibility of liquid and for polymerization. 

















.  The-rule of the rectilinear diameter by Cailletet and Mathias state: 

_that the sum of the densities of the liquid and the vapor is a linea 
function of temperature. A graph plotted for numerous substances 
shows that this rule gives a very close approximation if the rate 0! 
change with temperature of the sum of the densities is less than —], 
when both variables are expressed in reduced units. The constants 
- given for. butadiene by Cragoe [20] lead to the equation 


p:+p,=0.64817—0.0010674t, (7 


~. where’ p; and p, are the densities of saturated liquid and vapor, re 


spectively, in grams per milliliter and ¢ is the temperature in degrees 
centigrade. 
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[It will be seen that the sum of. p;, p,, and 0.0010674¢ should be very 
nearly constant. Such sums are given in column 10 of tables 9 and 
10 and are shown graphically as ordinate with temperature as abscissas 
in figure 16... The densities of the vapor used for this ~~ are cal- ° 
culated from equations 4 and 6 in the same manner as the values in 
table 15 (discussed in section VII). 


0.6490 | 


+ 00010674 t 


PL + Pg. 


-89 60 -40° -20 ©O 20 40 60 80. 100 
TEMPERATURE °C : cs ; 
Figure 16.—Comparison of observed with calculated densities of liquid 1,3-butadiene. - 


©-= pi from sample. 4c. 
X=pi from sample 4d. 
...-, pi from equation 7. 
__., ep! from equation 8, 


The values calculated from equation 7 are represented. by the 
dotted line in figure 16. The differences between the observed 
values and these calculated values are somewhat greater than the 
precision of the observed data, which are better represented by the 
continuous curve. This curve is calculated from the equation , 


p:+p,=0.64820—0.0010748t-+ 1.6#10-*+ 1.5°10-%, (8) 


in, which the notation is the same as in equation 7. -The constant 


0.64820 in this cubic equation corresponds to a liquid density of 
0.64523 -g/mlI at.0° C. This is nearly the mean of the observations 
on the two samples at 0° C, and is believed to-be correct within a few 
units in the fifth decimal place. As may be seen from figure 16, 
equation 8 is in agreement with the observed values within five units 
in the fifth decimal place in the temperature range —80° to +40° C. 
Below —60° C the uncertainty in the expansion of the picnometer is 
relatively large, and above +-50° C the observations are less accurate, 
in consequence of which the data in that temperature range are not 
considered accurate beyond the fourth decimal place, and above 
100° C beyond the third decimal place. Values calculated from equa- 
tion 8 are given in table 6 (discussed in section VI). oe oe 


© COMPARISON WITH OTHER DATA 


The densities measured by other observers are compared with the 
values calculated from the present formulation in figure 17. Pre- © 
vost’s [21] value for the density near the boiling point is notably low. 
The low normal boiling point (—4.75° C) for his sample suggests . 
the presence of lighter hydrocarbons as impurities, which would 
explain the low density. “The data given-in Landolt-Bornstein [22] 
appear to’ be smoothed and have been represented by a dotted curve. 
The present data are intermediate between those from Pennsylvania 
State College [23] and those by Dean and Legatski (24].. The latter 
observers heated the surface of their sample above the average tem- 
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perature of the sample. . In consequence, the liquid was subjected t 
a pressure exceeding the saturation pressure, and at the higher tem. 
peratures, where the liquid is more compressible, the observed densi. 
ties may. be appreciably too high. 


OBS.- CALC. DENSITY 


1+ 


-40 -20 ° 20 40 60 
TEMPERATURE % 


FIGURE 17. —Comparison of values calculated from equation 16 with data of othe 
; observers. 


+=C. Prevost [19] 

— — —=I. G. Farbenindustrie [20] 

X= Pennsylvania State College [21] 
O=M. R. Dean and T. W. Legatski [22] 


4. RATE OF POLYMERIZATION 


The observations taken during the measurement of liquid density 
at 79.6° C, together with the assumption that the volumes of 1,}- 
butadiene and its dimer are additive upon mixing, lead to a rate of 
dimerization for pure butadiene of 0.12 percent/hr at 79.6° C. This 
is in very good agreement with the value.0.11 percent at 82° C found 
by Robey, Wiese, and Morrell [25], who have made a thorough investi- 
gation © the rates of polymerization for pure butadiene and butadiene 
containing ‘peroxides. -It should be noted that in the present work 
the lower end of the column of butadiene was in contact with mer- 
cury, which has been reported to be a catalyst for polymerization [26]. 


5. CRITICAL CONSTANTS - 


Due to thé rapid poly merization of the butadiene samples near the 
critical state, accurate direct measurement of critical constants was 
not possible. The procedure near the critical temperature was to 
start with the sample in'the vapor phase and to compress it by steps, 
observing the pressure after each step and watching for the butadiene 
meniscus to-appear: When sample 3b was thus treated at 152.0° ( 
the meniscus suddenly appeared in the middle of the sample. At 
. first it was very faint but soon became much more noticeable. Suddet 
expansion of the sample was accompanied by a transient opalescence, 
and as the sample was thus evaporated the meniscus took on the 
appearance of being considerably below the critical temperature 
This effect is believed to be due to polymerization.’ The initial 
appearance only should be considered, on which basis 152° C is very 
near the critical temperature. 

Sample 4b was observed at 149.0° C. The meniscus, very faint a! 
first, appeared near the mercury at a volume considerably greater 
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than-expected.. Although “rain” and “fog” appeared during expan- 
sion (a. phenomenon characteristic of the region near the critical), 
the volume at which the meniscus appeared indicated that the specific 
volume of the saturated vapor was considerably greater than the 
critical volume, and it was concluded that 149° C is below the critical 
temperature. 

Sample 4a was observed at 157.36°C: .The mass of thesample was - 
unknown, hence only relative volumes were observed, but the pressure 
measurements are probably the best obtained near the critical state. 
These data are illustrated in figure 18, in- which the upper portion 


_ 40 
30 
20 


10 


| 
| | 
Oo. 1 2 3 4 
RELATIVE DENSITIES ; 


FicureE 18.—Isotherm at 157.36° C for sample No. 4a. 


Upper part—General view of whole isotherni. 

Lower part—Magnified pressure scale near critical region. . 

Continuous curve represents calculated values from equation 13, with the assumption that the lowest 
observed point is unaffected by polymerization. Connected straight lines with arrows indicate chrono+ 
ogical order of experiments. . 

A meniscus appears near mercury. 

B meniscus disappears near middle of sample leaving opalescent band 1 or 2mm wide. 

C opalescent band disappears. ‘ 


illustrates ‘the whole isotherm and the lower portion illustrates the ~ 
field covered. by the observations with an enlarged pressure scale. 
After being compressed step by step until the highest density ébserved 
was reached, the sample was expanded. To avoid ambiguity, part of 
the points in figure 18 are connected with straight lines and the 
chronological order is indicated with arrows.. The decrease in 
pressure indicated by the last two observations is obviously the result 


METERS MERCURY ; 


of polymerization. The continuous curve represents values cal- 


culated from the equation of state 6, which is believed to be valid up to 
about half the critical density, the relative volume scale being ad- 
justed to fit the observed pressure at the lowest density. -Assuming - 
the value 0.245g ml-' given in table 13 for the critical density, this 
adjustment places the.critical density on the relative scale at ap- © 
proximately 3.7. The dotted curve was then drawn in to illustrate the 
path that would be expected had there. been no polymerization: 
The course that this.dotted curve should follow is uncertain for two 
reasons: (1) the rate of polymerization varies.with the density, and 
(2) the data do not furnish an estimate of the effect on pressure of - 
this rate except where pressures were observed with: the densities 
varied in both directions. The short horizontal line ‘in figure 18 
represents a calculated pressure obtained from equations 4 and 5, 
together with the assumption that at the critical density, (dp/dt)y has a 
constant value above the critical temperature (152° C), an assumption 
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made by inference from the behavior of CO, and other substances 
with well-known properties. — 

The point A (fig. 18) represents the relative volume at which 
liquid butadiene meniscus appeared near the mercury. At B this 
meniscus had approached the middle of the sample and vanished, 
leaving an opalescent band 1 or 2mm wide. AtC even this band had 
vanished without reaching the top of the sample. .It may be inferred 
that the polymer at first condensed to form a solution relatively rich 
in polymers, the solution becoming diluted with more and more of the 
monomer until the critical temperature of the solution fell below 157°C, 
and the meniscus, and even the opalescent band,.vanished. Thus the 
phenomenon just discussed, as well as the slope of the isotherm ip 
figure 18, indicates that 157°C is above the critical temperature of pure 
butadiene. The discrepancy of about 1 atm between the isotherm as 
drawn and the pressure calculated from the vapor-pressure equation 
can be attributed to one or more of several causes, namely: (1) 
polymerization existing already at-the first observation, (2) an under- 
estimation of the rate of polymerization during experiments, and (3) a 
failure of the vapor-pressure equation to represent the facts. 

The vapor pressure calculated from equation 4 for the critical 
temperature (152°C) is 32.42 metersof mercury. This value has been 
adopted for the critical pressure in producing a consistent set of tables, 
although the data in figure 18 suggest that the true critical pressure 
may be slightly lower. 

The critical density is best determined from the mean of the data on 
the density of the liquid and the vapor. Two equations for the mean 
of these data are given. The linear equation 7 leads to 0.243: g/ml, 
whereas the cubic equation 8 leads to 0.245 g/ml. As the cubic equa- 
tion represents the observed values of liquid densities better than the 
linear equation:in the range —80°.to +100° C. the larger value 
0.245 g/ml is preferred. 

The values P,=32.42 meters of mercury, 7,=152+-273.16° Kelvin, 
and P,=0.245 g/ml give 


7 


V. PURITY OF SAMPLES AND MELTING POINT OF 
: PURE BUTADIENE 


The melting curve of a material provides a sensitive method of 
determining the amount of impurity that is soluble in the liquid 
phase and insoluble in the solid phase. Such a curve: is shown in 
figure 19 and was obtained as follows: 

_ Starting with the calorimeter containing the sample (in the solid 
state) at the temperature A, measured amounts of electric energy 
were added and the temperature of the calorimeter observed after 
thermal equilibrium had been established following each heating. 
‘ The-resultant curve, A, E, B, C, gives the temperature of the calorim- 
- eter and contents as a function of the energy.added. In order to 
obtain the more useful relation, fraction melted versus temperature, 
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the line AD is drawn. This is an extrapolation of the part of the 
curve representing the energy-temperature relation when the material 
is all solid. The p Berner: distance EF from any observed point to 
the line AD represents: the energy that has been used to melt part 
of th ‘ample, as F represents the temperature energy condition which 
woulu wave éxisted if no material had melted: Accordingly the — 
distance DB represents the total heat of melting. : Therefore, if the 





Temperature 


> 
~ 
° 

7) 











Energy added 


Ficure 19.—lIlllustrative melting curve. 
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FIGURE 20.—Melting curves for the four samples of 1,3-butadiene. 


heat of fusion is assumed to be constant, the fraction melted at point 
E is (EF/DB). eae | 

Figure 20 shows the melting curves of the four samples, giving the 
temperature as a function of the fraction melted. The data repre- 
sented in. these curves were used to obtain values for the purity of the 
samples and for the melting temperature of pure butadiene. If it is. 
assumed that the impurity is soluble in the liquid and insoluble in the 
solid, then the curves shown in figure 20 will have approximately the 


form ; 
T.—T=(a/F), 8) 
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where 


7T=temperature at a point on the curve 
T,=melting temperature of pure butadiene 
F=fraction melted 
. a=constant= T,,— T (when F=1). 
This equation is derived from the formula relating the depression oj 
the freezing point of a material with the mole fraction of impurity 


gett T';), 


(10) 
where 


.g=the mole fraction of impurity 

L,=the heat of fusion 

T,=the freezing (melting) temperature of the pure substance 
T;=the temperature at which the liquid containing z mole 
| fraction of impurity starts freezing. 

‘The constants in equation 9 were determined for the melting curve 
of sample 3, figure 20, by selecting a value of 7,, that gave the most 
constant values fora. The results are shown in table 11. The data 
on this sample were best represented by equation 9 when 164.244° K 
was chosen as the value of am . 


TABLE ‘11.— Data from the melt of sample 3 





Ta-T B a= F(Ta—T) 





°K 
0. 059 0. 027 0. 00159 
-O11_ - - 107 - 00118 
- 005 - 260 - 00130 
- 0021 ° 3 - 00098 
- 0017 ° - 00131 
- 0013 . 872 00113 - 








@ (mean) 0. 00125 














The amount of liquid soluble, solid insoluble impurity may now be 
computed from equation 10. It is seen that the constant @ in equa- 
tion 9 is the same as 7,,—T7; in equation 10. Using 7;,—164.244° 
K, T,.—T,=a=0.00125° K, L,=7980 init. j mole~', the mole fraction 
impurity, z, in sample 3 is 0.000045, or 45 moles per million. Calcula- 
tions of the amounts of impurity in samples. 1 and 2 gave 552 moles 
per million and 516 moles. per million, respectively. The treatment 
of the melting data of samples 1 and 2 yielded a value for 7, 0.006 
degrees Kelvin higher than that obtained from the melt of sample 1. 
These two samples were so nearly alike that the melting data on both 
samples. were well represented by a single curve. 

The curve for sample 4, figure 20, shows that this was the purest 
sample obtained. In fact, the melting curve is so flat that only. the 
point at 4.7 percent melted. exhibited any measurable depression of 
the melting point, and even here it amounted to only 0.001 degree 
' Kelvin. The temperature obtained for the other points on the melt- 
ing curve was 164.242° K. The liquid soluble, solid insoluble im- 
purity in sample 4 was calculated to be 2 moles per million. 
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The difference between the values of the melting point of pure 
butadiene, 164.244 degree Kelvin, obtained from the data on sample 
3, and 164.242 degree Kelvin from the data on sample 4, may have 
been caused by small errors’ in’ the calibrations of the resistance 
bridges used. Two -different Mueller bridges were used for these 
measurements. This difference of 0.002 degree Kelvin is consider- 
ably smaller than the absolute accuracy of temperature measure- 
ments, as platinum resistance thermometers, calibrated in the same 
way, can deviate from each other by as much as 0.01 degree centi- 
grade at —110° C. The most probable value of the melting point . 
pure butadiene, as determined from the data on samples 3 “and 4, 
164.243°+0. 010° K or —108.917°+0.010° C, 

The vapor-pressure measurements at the ice point and above in- 
dicated the presence of an impurity that did not appear to affect the 
melting curves. The vapor pressures of samples 1, 2, and 3 were 
found to depend somewhat on the fraction condensed, being higher 
when 95 to 08 percent was condensed than when 75 percent or less 
was condensed. This indicated the presence of an impurity that was 
more Volatile than butadiene. With sample 3, which was relatively 
pure according to the melting curve test,.the increase in vapor pres- 
sure upon condensing most of the sample amounted.to about 6 mm 
at 0° C. The impurity of 45 parts per million, indicated by the 
melting curve, was not great enough to have caused this increase in 
vapor pressure. The more elaborate procedure in preparing sample 
4 was carried out primarily for the purpose of improving the vapor- 
pressure data. When 96 percent of this sample was condensed at 0° 
C the pressure was only 0.3 mm Hg higher than when 40 percent was 
condensed. 

In figure 14 the continuous « curve represents values calculated for 
a hypothetical liquid having a vapor pressure of 899 mm with 0.001 
mole fraction of an ideal-gas impurity that is soluble in the hypo- 
thetical liquid to the extent of 5:5X10-7 moles/em® of liquid for a 
partial pressure of 1 mm. . These assumptions, together with the 
mass of the sample (0.0275 ¢), lead to the equation 


1,000 
3.040+45.4’ 


where P is the total. pressure in millimeters of .mercufy and v is the 
volume occupied per gram of sample. Although the curve represents 
the data for sample 3e very well, the spread in the data permits some - 
variation in the assumed values; moreover, the impurity may not 
form an ideal solution as assumed. 

No specific estimate of the impurity in- sample 4b can be made 
because the spread of the data permits a considerable. variation in the 
value assumed for the solubility of the impurity with a .correspond- 
ing variation in the estimated amount present. It is evident, how- 
ever, that the amount of more volatile impurity in sample 4b was 
considerably less than that in sample 3e. 


=899+. (11) 
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VI. DERIVED PROPERTIES AND FORMULATED TABLE 
OF THE THERMODYNAMIC PROPERTIES OF I,3-BUTA. 
DIENE | 


1. ENTROPY.AND ENTHALPY OF SOLID AND LIQUID 1,3-BUTADIENE 
FROM 15° TO 300° K 


The tables of specific heat, together with the value of the heat of 
fusion, were used to calculate the entropy and enthalpy of solid and 
liquid butadiene. It was first necessary to obtain values of (C,,, 
between 0° and 15° K, the latter temperature being the lower limit 
of the observed data. This was accomplished by using the equation 


Cu =0.7188D( 7), | (12) 


where C,,;. is the specific heat in int. j g-'°K~' and D(_) is the Debye 
function [11]. This function was selected to represent the data 
from 15° to 30° K, inclusive. -The agreement between the. observed 
values of C,,,, and those calculated from equation 12 was not entirely 
satisfactory, but the function was considered adequate for the pur- 
pose of extrapolating the specific heat function to0° K. The increases 
in entropy and enthalpy between 0° and 15° K are small compared 
with the total changes of these quantities between 15° and 300° K, 
so an error in the function used between 0° and 15° K would have 
little effect on. the values obtained at 300° K. 

The calculated values of entropy and enthalpy of the solid and 
liquid are given at 5-degree intervals in table 12. As different sets 
of measurements of C,,,. were available it-was necessary to make 
a selection in order to use the most reliable values for the calculation 
_of entropy and enthalpy. From 15° to 55° K, inclusive, the data 
on sample 1 were used, as no other data were available in this tem- 
perature range. From 60° K to the triple point (164.24° K) the data 
of sample 4 were used because this was the purest sample measured. 
Above the triple point there was no choice between the data obtained 
for the different samples so the values of C,,,;. were simply averaged. 
Column 2 of table 12 gives these values of Cya:. 
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TABLE 12.—Entropy and enthalpy of solid and liquid 1, 3—butadiene 
—— T wali a — 
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The entropy, S, was calculated by integrating (C,.:./T) dT by means 
of Simpson’s rule, and the results were checked by a graphical int. 
gration. The increase in — referred to the solid at absolut, 
zero, H—E;j, is 


H—E:= x C,.,aT + foes osha (1 


where:v is the specific volume of the liquid and =p is the vapor pressure: 
The. integrals were-evaluated by Simpson’s rule. Values of dp/i7 
were obtained from equation 5 and values of » from table 13. T) 
calculated values of H were checked by performing the integratin 


A "SdT and comparing the values so obtained with the quantity 


_(TS—H+E)), -which should equal wh SdT. This provides a check 


the internal consistency of the calculations. 


TABLE. 13.— Thermodynamic properties of 1,$-butadiene saturated vapor and ligui 
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Temperature log Paw Pressuré : 
Density Volume | Density 
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TaBLE 13.— Thermodynamic” properties of 1, $-butadiene saturated vapor and 
liquid—Continued - 








Entropy - Coat: 





H-ER Evapora- TT 
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2. THERMODYNAMIC PROPERTIES. OF LIQUID AND VAPOR 1,3- . 
BUTADIENE FROM —109° TO +150°C. 


The experimental data previously described, together with data on 
the specific heat-of the vapor [4], have been used as a basis for the for- 
mulation of a consistent set of values for the thermodynamic preper- 
ties given in tables 13 and 14. ‘The values given in these tables were 
calculated from the following empirical equations: vapor pressure 
(eq 4), vapor density (eq 6), liquid density (eq 8), and 


C3=1.3660+0.00445t— 1.88 X 10-*(t—30)*, (14) 


where C} is the specific heat of the vapor at zero pressure in interna- 
tional joules per gram degree centigrade, and ¢ is in degrees centigrade. 
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Equation 14 is in reasonable agreement with results recently re- 
norted [28, 29} and represents the results reported by Scott and Mellors ~~ 


'| Specific heat, Ceint:He°C | 


Tempera- 
ture’ 





- Reported | Cobaiated, | 





| 
.217 21 } 
" a. 











Jalues of the tabulated quantities H°—; and S® for the vapor 
ere calculated from ‘equations obtained by substituting the defini- 
ions dHa=C,dT and dS=(C,/T)dT in equation 14 and performing 
he integration. These equations are . ate Z 


H° — E3=919.00+ 1.3660t+-0.002225t?—0.47 10-8 © (15) 


S° —0.93615-+1.55252 log T—0.00073357 —- 
: - +-8.549(10)-°7?—6.2667(10)-°7", (16) 


rhere. H3 is the internal energy of the solid at absolute zero, H° 
international joules per gram, and S° in international joules per 
ram degree centigrade represent the ideal gas state at l-atm pressure, ° 
isin degrees centigrade, and 7=t+273.16. The constants of 
tegration were chosen to make the calculated values for the liquid 
gree as closely as possible with the values in table 12... 
The tabulated values for the specific heat of the liquid were cal- 
ulated from the specific heat of the vapor.with the aid of the follow- 
ng exact thermodynamic relations: 


(C).=(C) + TAG (17) 


(CJrave=(C) tT or) (ar Je (18) 


c=6-1(Sp)(3h),] = a 


_pn_ ("af Op , , 
'G=C+R, - } (21) 


where (C,), and (C,); are the specific heats of saturated vapor and 
quid, respectively, C, and ©, are the specific heats of the vapor at 
onstant pressure and volumé, respectively, and C? and C? are the 
orresponding values at zero pressure. The procedure just described 
May appear to be reversed from the normal, as. the experimental 
values of specific heat of the ‘liquid are the more accurate and had — 
lready been tabulated in table 12. These values did not extend above. 
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20° C, however, and at least a tentative formulation for the v Vapor 
would have been necessary to obtain values for the liquid above thy 
temperature. . Moreover, formulation for the liquid is necessarily 
‘limited to temperatures: below the critical, whereas the limitatio, 

for the procedure used depend only upon the accuracy with which th 
chosen formula can be extrapolated. 


‘The tabulated. valus of Land L/T were arwer from the Clap 
eyron equation written in the dimensionless form 


- BAG). -(kr) \(797" ro T) | i e@ 


values of pV/RT: from table 13 i‘. used. The quantity F(d In p)jal 
was calculated from equation. 5 alues of the quantity d(Z/7)/d 
were calculated from the values of L/T by the Rutledge methoj 
The various other derivatives were obtained through differentiation 


equation 8. 
The tabulated values of enthalpy and entropy were calculated fron 


the equations 
H— H_14. TAT TT) 10-8. 4 — 10-408) — 148 _ 
_ V 





36(T/T)+7 
2V? (23 





|. 8 ai SIT | 

A. ee : 

14.1747 (T./T)*10-™ oucrerm8_6g, 4(1— -10-* ee +1.48__ 
V 


AS(TIT—3 _ 








, where V is in snilisiters per gram, H° pa S° are given ce equation 
14 and 15, and R is 0.15369 int. j/g°C. Equations 23 and 24 wer 
derived from equation 8. The values in table 13 are in excelles 
agreement with values interpolated from table 12. Except for th 
- values shown in parentheses in table 13, which were obtained fron 


- table 12, the largest differences are 0.05 int. j/g in the enthalpy « 


. +70° C, 0.0002 int. j/g°C in the entropy at several temperatures, ai 
0.002 int. j/g°C in the specific heat of the saturated liquid. 

In order to retain accuracy on differences, most of the items in tabi: 
13 and some in table 14 are given to “eg laces than the accuracy 0 
the individual values would warrant. Although in some cases “the 
values in the tables may be in error by a somewhat greater amount, 
the following are considered reasonable tolerances: 

1. Vapor pressures: 0.1 mm or slightly better at low temperature 
0.05 to 0.1 percent for —20° to +110° C, and about 1 percent # 
the critical temperature.. 

2 rr densities: 0.00005 g/ml near zero, ~~ 

0.0001 between —30 and +30° C 
0.001 below 100° C. . 

3. Vapor densities: 0.1 or 0.2 percent, 

1 or 2 percent near the critical temperature. 
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4. Enthalpy of evaporation: Same as vapor densities, 

5. Specific heats: Liquid below 20° C about 0.1 percent, the uncer- 
sinty increasing at higher temperatures, becoming very large near- 
he critical temperature: vapor betweeh —35° and +80° C about 
5 percent, the uncertainty increasing greatly as the critical tempera- 


ure is approached. 
6. Enthalpy and entropy differences: Same as for specific heats. 


The assistance of L. A. Matheson, of the Research Laboratory, 
Dow Chemical Co., in providing pure 1, 3-butadiene for this investi- 
gation is gratefully acknowledged.«_ ;The authors express their thanks 
0 Patricia Husbands, who performed a large part of the calculations 
involved in ‘determining the constants of the equations in this formu- 
lation and in preparing tables 13 and 14. © 
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EFFECTS OF SOME OXIDE ADDITIONS ON THE THERMAL 
LENGTH CHANGES OF ZIRCONIA 


By R. F. Geller and Paul J. Yavorsky 


ABSTRACT 


The oxides of cerium, yttrium, silicon, magnesium, and calcium were added in 
various proportions to zirconia of 99-percent purity, and the effects of these ad- 
ditions, combined with preheating at various temperatures ranging from 1,450° to 
1,950° C, on thermal length changes of the zirconia during heating and cooling 
between room temperature and a maximum of 1,700° C were observed. The 
results are compared with similar observations on zirconia of 96-, of 98-, and -of 
99-percent purity without oxide additions. 

The results show that the irregular thermal] length changes accompanying ; 
phase transformations in zirconia may be prevented hy changing the crystal to the 
stable eubie form. This was accomplished by (a) 11.5- and 15-percent additions 
of Y,03 and heating at’1,700° C or higher; (b) 8- and 15-percent additions of MgO .- 
and he ating at 1,550° C or higher, but only for the-range from room temperature © 
to 1,200° C; and (ce) 5-, 6-, 8-, and 15-percent additions of CaO and heating: at 
1,550° C or higher, but additions of more than 6 percent caused the specimens to 
be very porous and proportionately weak. In all cases, however, the expansion . 
during heating and contraction during-cooling was relatively high. The coeffi- 
cients of linear thermal expansion of the specimens that were all, or nearly all, 
eubie ranged from 8.8 to 11.8X10-*. Also, zirconia has a low thermal conductiv- 
ity relative to such materials of high thermal expansion as alumina, magnesia, 
and beryllia (unpublished data). ‘Consequently, a high resistance to thermal 
shock cannot be expected of the stabilized product, even though it is not subject 
to the structural disintegration characteristic of the commercially pure material. 
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I. Introduction. 
Il. Materials__- 
Ill. Apparatus and test methods. 
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I. INTRODUCTION 


The large number of articles in the literature on the general sub- 
ject of zirconia and its possibilities and limitations, as shown by 
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Kreidl’s excellent bibliography,' evidence the interest in this materia] 
As.early as 1916, articles appeared in England? and in Germariy' 
describing ZrO, and its uses in refractory ware. Zirconia has , 
number of excellent: qualities as a ceramic body ingredient. Prin. 
cipally, these.are its hardness, chemical stability at both ordinary 
and elevated temperatures, and the wide temperature range over 
which it may be used.‘ 

Most ‘of the earlier investigations were concerned with studies of 
oxide additions. that would promote reduction in porosity and in. 
crease the mechanical strength of ZrOz shapes. It was found that 
ware made of zirconia would undergo rapid weakening and structural 
disintegration in service, even though the initial strength Was quite 
satisfactory. It had beett made evident during the course of another 
investigation ° that refractory shapés of ZrO, have a discouragingly 
short life in service.’ Some thermal-expansion curves for ZrO. had 
- been -published,® but these did not contain information upon whic 
an explanation for the structural weakening could be based. It i: 
known from the literature ’ that zirconia-has ‘several crystalline forms, 
of which the monoclinic is stable at ordinary temperatures and occur 
as the mineral baddeleyite. Optical data for the various forms are 
incomplete, as shown by the following summary: 





—_ 





| or = in- | 


| Interferertce figure | Unit cell size, in angstronis 
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Form Birefringence 





—— ‘(bad- a | 1h (.}; — Se’ pe tt 
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That changes from one form to another, specifically the mono- 
clinic = tetragonal inversion, might be accompanied by destructive 
volume changes was indicated by Ruff and Ebert,’ who published 
considerable data on ZrO, with oxide additions. They reported 1 
fourth, or cubic, crystalline modification, which is actually a solid 
solution of some oxide in zirconia. The effect of this solid solution 
is a distortion of the tetragonal lattice to a “stabilized” cubic. crystal, 
- which is not subjeet to further inversions. Ruff and Ebert * demon- 
strated, by examinations with a heated X-ray camera, that the monc- 
clinic- tetragonal inversion takes place somewhere. between 800° and 
1,200° C in relatively pure zirconia; and that CaO, MgO, Se20x, ¥20;, 
and CeO, additions ‘brought about the formation of the. stable cubic 
form. They did not, however, present thermal-expansion curves t0 
prove that this stabilized zirconia was free from undesirable. volume 
‘changes, but ample evidence® has been published that unstabilized 

! Norbert J. Kreidl, J. Am. Ceram. Soc. 25, 120 (1942). 

1J. A. Audley, Trans. Ceram. Soc. (England) 16, 121 (1916). 

30. Ruff and G. Lauschke, Z. anorg. Chem. 97, 73.(1916). 

‘4D. Kirby, Metallurgia 30, 65 (1944), states that ZrO: can be used up to 2, 400° C. 


+R, F. Geller, J. Research NBS 27, 555°(1941) RP1443. : . 
¢G. E. Merritt, Trans. Am. Electrochem. Soc.- 50, 165 (1926). F. H. Norton; J. Am. Ceram. Soc. § 


799 (1925). . ‘ ; 
A yt 1 Cae and 8. Tolksdorf, Z. physik. Chem. [B] 8, 331 (1930); Willi M. Cohn, Trans. Electrochem 
».* Otto Ruff and Fritz Ebert, Z. anorg. Chem. 180, 19 (1929); see wg U. S. Patent 1 969,099. 

-, wae, M. Cohn, Keram. Rundschau 38, 72}, 753, 777, » (1930); R F. Mather, J. Am. Ceram. 50. 
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BO, is eubjootghe_ecratigzangi changes between room temperature ~ 
and 1,400° C, 

Because of the incomplete evidence on the thermaljlength changes 
of zirconia and the favorable properties’ of the oxide, a study was 
undertaken to determine the oxide ‘additions and heat treatments 
that would most efficiently form the cubic zirconia, and thereby 
presumably overcome the erratic thermal length changes. The re- 
sults of the study, covering the effect of CeOz, Y203,-SiO2, MgO, and 
CaO additions, and preheating at various temperatures ranging from 
1,450° to 1,950°'O., on the thermal length changes of ZrO, from room 
temperature to 1,700° C. are reported in this paper. During the course 
of the investigation there were several developments which it would | 
have been interesting to study in detail, but the scope of the work 
was restricted to determining if the several oxides, as minor additions, 
would produce ceramic bodies with industrial. possibilities. 


II. MATERIALS 


Zirconia of three grades was used in the tests. All of the zirconia 
was washed through a No: 325 U. S. Standard Sieve before being 
formed into specimens. ‘The chemical compositions * are as follows: 








Zirconia (grades) ‘ : ZrOs SiO: | Al,03 | Fe203 CaO 





% % % 
A, fused . 2. 0. | 0.14 
oN Rat WORE all 8. > e . 08 
C, calcined : b a ox .02 





, a materials used as additions to the zirconia are described as _ .. 
ollows: ms . 

CeO, (two grades were. used): (a) Purified cerous oxalate, which 
was calcined at 1,425° C and hand-ground to pass dry through a . 
No. 325 sieve.. The color of the ground sample was a reddish brown; 
(b) pure ammonium hexanitrato cerate (NH,),Ce(NO3;)., which was 
caleined, hand-ground, and-sieved the same as grade (a). The color 
of the ground sample was a light buff. ; 

Y,0,: Commercially pure material, which was ‘repurified by twice 
dissolving it in hydrochloric acid and precipitating it as the hydroxide, * 
followed by a third solution, precipitation as the oxalate, and calcina- 
tion at 1,425° C.. It was then hand-ground to pass wet through a 
No. 325 sieve. Color of the powder was cream. 

SiQ,: Pulverized quartz, which had been passed wet through a 
“ = sieve, and which, by chemical analysis, contained 99.6 percent 
of SiOQ,. 

MgO (two ‘types were available): (a) Periclase of nominal ‘97-— 
percent purity and passing the No. 200 sieve. .The material used was 
that portion of the sample that passed dry through a No. 325 sieve; 
b) commercial MgCO,, which had been calcined at 816° ©, and which 
was of very fine particle size. Described’ by the producer as contain- 
ing 2.3 percent of CaO, 0.2 percent of soluble salts, and having a 5.0 
percent ignition loss. © ‘ ~ 
— Reagent quality CaCO ;, hand-ground to pass dry through a 
No. 325 sieve. . 


* The chemical compositions were supplied by Eugéne Wainer, of the Titanium Alloy Mfg. Co. ° 
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- For calibration and comparison, the following materials were teste; 
so: 

A water-clear ‘single crystal of MgO, from which an expansioy 
specimen was obtained by cutting with a diamond saw and grinding 
The measured expansion was parallel with the octahedral axis. __ 

Beryllia, claimed by the producer to contain at least 99.9 percen, 
of BeO, and which, by spectrographic analysis, contained less thay 
0.01 percent each of Cu, Fe, Mg, and Si. -The material was. fused in 
an electric arc supplied with oxygen through the electrodes to preven 
formation of the carbide; ground in an iron mill to pass, wet, a No 
325 sieve; and acid-treated to remove iron contamination. 

Thoria of nominal 99-percent purity, which was fused and groun( 

. by the same method ‘used for the beryllia, passed dry through 
- No. 325 sieve, and acid-treated. A spectrogram of the unfused samp) 
indicated over 0.01 percént each of Al, Si, and. Ca, and less than 0).() 
percent each of Cu and Mg. 

Zirconium silicate. of two types: (a) the mineral zircon, containing 
-by chemical analysis (see footnote 10) 64.82 percent of ZrO, and 34.7 

poseent of SiO,, (which,. by calculation, equals 96.5 percent 

rSiO,); and (b) zirconium silicate prepared by intimately mixing 
zirconia C and silica in the proper proportions, pressing into specimens, 
and heating at 1,500° and at 1,700° C. 


III: APPARATUS AND TEST METHODS 


Specimens consisting of one oxide were made by thoroughly mixing 
the oxide with about 10 pereent of a 5-percent solution of soluble 
starch, and pressing the mixture in a hardened steel mold under i 
pressure of 9,300 lb/in.* to form rods 1.6 cm-in diameter by about 
5 cm long. After drying, these rods were ground to equilateral 
triangular prisms approximately 0.5 cm? in cross-sectional area. 

The specimens consisting of ZrO, and an admixture were made by 
first mechanically blunging a 40-g batch of the body with 40 percent 
of water, drying, pulverizing, and then following. the same procedure 
used for the single-oxide specimens. 

A few of the specimens were matured in a gas-heated kiln at 1,550" 
or 1,600° C. The others: were matured either in an electrically heated 
platinum-wound: furnace, when the temperatures did not exceed 
1,450° C, or in the resistor furnace shown in figure 1. This. furnac: 
is the same in principle as the one previously described ” but is larger, 
having a heating chamber 3%-in. inside diameter by 4 in. high and 
requiring eight resistors. 

For the thermal-expansion tests, this furnace was modified slightly 
to accommodate the dilatometer shown in figure 1. This dilatometer * 
practically the same in design as.the one used in an investigation 
of clays,” except’ for one important detail. .The three member 
supporting the gage, and. the center member extending from the 
specimen to the gage stem, were single-crystal artificial-corundul 
rods, approximately. \ in. in diameter by 18 in. long. The three rod 
supporting the gage were cemented into a base made of beryllia."* The 
“i U. 8, Patent 1,545,951. : 

12 R. F. Geller, J. Research NBS 27, 555 (1941) RP 1443. 
3 R. F. Gellér and E. N. Bunting, J. Research NBS 25, 15 (1940) RP 1311. 


4 Reaction between the rods and the beryllia, particularly at temperatures above about 1,700° C, warra® 
the recommendation that the base be made of Al;0s instead of BeO. 
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Fiaure 1.—Dilatometer installed in furnace. 


~1, Gage, 0.01-mm divisions; B, Bakelite shield; C, specimen; the center line D, is the axis of the openingsin 
the furnace parts, through which the Pt-10-percent Rh thermocouple was inserted for temperature meas 
urements up to 1,200°C. At about this temperature, the thermocouple was removed and higher tempera 
‘ure measurements were made with an optical pyrometer sighted on the specimen through the same open 
ings. Only two of the eight ThOzr-Y20; resistors used for heating the furnace are shown in place. The 


bea by tag rods supporting the gage and the rod extending from the specimen to the gage stem are artificial 
erundum. , . 
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rods were furnished by the Lindé Air Products Co.. The longituding) 
axis of each rod was at the same crystal orientation (parallel with th: 
rhombohedral] axis). The thermal expansion parallel with this ax 
was determined, from room temperature to 1,000° C,; by the interfer. 
meter method, and the expansion curve then extrapolated to 1,800° ( 
The resultant values were used to correct the expansion value 
obtained from the gage readings. This was necessary because tly 
length changes indicated by the gage: were the: difference betwee 
the true thermal dilatation of the specimen and the thermal dilatation, 
of a length of corundum rod equivalent to the length of the specimen, 
eu apd all the thermal-expansion data presented in this 
—_ for temperature ranges above 1,000° C are based on extrapolate; 
ues for corundum (table 1). 

Pocono measurements between room temperature and abou 

200° C were made with a platinum-10-percent-rhodium thermo. 
couple the junction of which was adjacent to the specimen. Aboy 

200° C the thermocouple was removed, and the observations wer 
ken made with a calibrated optical pyrometer sighted on the specimen 

Preliminary tests with MgO, BeO, and ThO> showed that tl: 
corundum rods had ample strength at 1,800° C to resist deformation, 
but results above 1,600° C were not always satisfactory because of th: 
reaction between the beryllia base and the corundum rods mentioned 
in footnote 14, and possibly also because of further shrinkage, « 
reactions at the surface of ‘the specimens, Surface reactions, if any 
must have occurred with vapors in the furnace bevause the specimen 
were separated from the base, and from the center corundum rod, br 
platinum-rhodium plates. 

The substantial agreement (table 1) between the values obtained in 
this investigation for MgO, BeO, and ThO, and values obtained br 
the interferometer method, ‘and also those for MgO published by 
Heindl *, show that the method and apparatus may be relied upo 
to give values good to at least +0.05 percent. 


TABLE 1.—Comparison of thermal-expansion values obtained with the dilatometer usei 
in this investigation and results obtained by other methods 








Interferometer method * Dilatometer method 
From room tem- 
perature to— 









r | 
BeO > | MgO ¢/ Al,Os4/ Al,O3¢| ALOs!| ThO2#| BeO* | MgO! 















































® Determinations mate by A. S. Creamer. 
b Preheated at 2,000° . 
« Preheated at 1,900° c: 
4 Corundum cry ‘stal, perpendicular to “CO” axis. 
¢ Corundum crystal, parallel to “C” axis, , 
t Expansion was measured parallel with the rhombohedral axis, or 57° 34’ from the “‘O” axis. 
values were used to correct the gauge readings. The values in parentheses are extrapolated: 
« Preheated at 1,850° C. 
b Several preheatings with a total of 15 above 1,800° C. 
! Cut from a Single crystal of peric 


lase. 
i R. A. Heindl, BS J. Research 10, 715 (1933) RP562. 
4 R. A. Heindl, BS J. Research 10, 715 (1933) RP562. 
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The heating and the cooling rates in all of the tests did not exceed 
3% degrees centigrade per minute. 

The absorptions were determined by boiling the. test prisms in 
CCl, for 5 hours and dividing the increase in weight by the density — 


‘of the CCl. The resultant values are comparable with data for 


absorption obtained conventionally by mommy & in water. 


IV. RESULTS 


Because of the very irregular thermal length heme of most of 
the.compositions tested, the results are usually. presented as graphs - 


rather than as coefficients. a 
1. ZIRCONIA 


The first series of graphs is shown in figures 2 and 3 and illustrates 
the thermal length change behavior of the three zirconias (A, B, and 
C) without oxide additions. One specimen of each zirconia had been 
preheated within the range of temperatures-to which refractories are 
subjected in present-day commercial practice, and another specimen 
had been preheated at a relatively much higher temperature: 

Zirconia A.—The specimen. preheated at 1,450° C (fig. 2) was: 
heated in the expansion test to 1,200°, 1,300°, 1,400°, on 1,100° C 
consecutively, with intermediate. cooling to "about 300° C. The 
following points of interest are illustrated by the graph: (a) The 
contraction durin heating and the expansion during cooling will 
apparently take place an indefinite number of times during repeated | 
heating and cooling cycles; (b) the beginning of contraction. during 
heating is not clearly. defined but the beginning of expansion during 
cooling occurs sharply (and.actually was duplicated within 2 degrees) ; 
(c) the length changes will have no irregularities if the maximum: 
te mperature to which the zirconia is subjected remains below 1,100° C, 
as show. n by. the curve for the first heating and for the last heating and 


cooling cycle; and (d) an appreciable permanent shrinkage (0.65 


percent) occurred while holding the specimen for 2 hours at 1,400° C, 
even though it had been preheated at 1,450° C. 

The zirconia preheated. at 1,850° Cc (fig. 2) had acquired several 
cracks during the preheating, and it is conceivable that the minor 
irregularities in the curve between 1,200° and 1, 700° C reflect further 
cracking and deforming of the specimen. This cracking was char- 
acteristic of all the zirconia pieces heated at or above 1,850° C. 
In fact, it was anly after repeated trials that specimens were obtained 
sufficiently intact to be placed in the dilatometer. One specimen of 
zirconia A, preheated at.1,950° C, failed completely i in the expansion 
test while the rapid éxpansion (during cooling) was taking place. 
For this specimen, as well as for the one preheated at 1 850° C, this. 

“cooling-expansion” started at 1,004° C, 

Zirconia B.—The two tests for which curves are presented in 1 fi ure 2 
represent specimens preheated at 1,415° and at 1,950° OC. The latter 
was cracked, similar to the specimen of zirconia A heated at 1. ,850° C, 
and again the expansion during cooling started sharply at 1 004° C. 


The most noticeable difference between the two specimens of | zirconia . © 


B is the very large permanent shrinkage of the one preheated at. 
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1 ,415° C as compared to the othe which showed a net expansion oy 
“growth. ” Similar growth had been ‘noted also by Mather."® 
Zirconia C.—The difficulties encountered in making usable tes; 

prisms, mentioned in connection with zirconia A, were seemingly 
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The temperatures in the legends indicate the heat treatment the specimens had received prior to the test 
The time notations on the curves indicate the interval of holding at the maximum temperature. 
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insurmountable with the C material. It was found necessary t 
admix some of the fused zirconia, and the curves shown in figure ! 
were obtained with pieces made of 90 parts of zirconia C and 10 part 
of zirconia B. 

The expansion during cooling started at temperatures significant!’ 
higher than for either of the less pure zirconias,-A and B, and tle 


1 R, F. Mather, J: Am. Ceram, Soc. 25, 93 (1942), 
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: esultant length change was at least as great. In the case of zirconia C 
OF Or cated at.1,950° C, the length changes during both the “heating: 
> ten ontraction”’ and the “‘cooling-expansion” were greater than for any 
“Mother specimen tested. Consequently, this material was selected for 
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FicurE 3.-—Thermal-dilatation curves for calcined zirconia of 99-percent purity and 
calcined zirconia ‘uith CeO, additions. ; 


e testing 


are. The temperatures in the legends indicate the heat treatment the specimens had received prior to the testing. 


The time notations on the curves indicate the interval of holding at the maximum temperature. 


rv t . F > ° ° . 
ty “BB iifferential thermal analysis,” the result of which is shown in figure 4. 
yure 0 ° ° or ° 
oe In general, it may be concluded, with respect to zirconia, that 
(a) preheating to temperatures in the range from 1,450° to 1,950° C 
nail will not change, significantly, the amount of length change accompany- 
*t i) -_—_— . x 
id the "This analysis was made by E. N. Bunting, using a platinum-to-platinum-10-percent-rhodium dif- 
ferential thermocouple, a K-type potentiometer, and corundum as the reference material. ~ 
649238457 : 
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ing the rapid contraction during heating, or the expansion duriy 
cooling; (b) the trend is for these length changes to be greater, ay 
for the ‘‘cooling-expansion” to begin at a relatively higher temper. 
ture, with increase in purity of the zirconia; (c) for any one materi) 
the length changes during cooling can be duplicated more close); 
‘than the changes during heating; and (d) the “heating-contractioy 
and the “‘cooling-expansion” are accompanied by an endothermic an; 
an exothermic reaction, respectively. 

For the present at least, it may be assumed that the irregularitis 
in the thermal length changes are caused by the reversible inversio 
of the low-temperature monoclinic and the high-temperature tetragon 
forms of ZrO., as reported by Ruff ‘and Ebert.’ Several samples ¢ 
ZrO, were examined petrographically during the course of thi 
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Ficure 4.—Heat effect curves for calcined zirconia of 99-percent purity preheat! 
at 1,950° C. 





investigation, and the following report was submitted by B. | 
Steierman: ee ~s 

“Some crystals in zirconia which had been heated in the rang 
1,000° to 1,900° showed a negative uniaxial interference figure an 
are presumed to -be the tetragonal form. -Another sample, use 
as a muffle in the furnace shown in figure 1, contained crystals 5 to |! 
microns in‘size, with medium birefringencé and apparently uniaxial 
positive in character, indicating the trigonal form. A third sample. 
which had been. used as. a pedestal for supporting test pieces in ti 
furnace described in. NBS Research Paper RP 1443 [see footnote |: 
and which had been heated. to a-maximum. temperature of 2,025, 
was extremely weak, crushed easily to a fine powder, and was compose 
solely of ZrO, crystals ranging -from 2 to 8 microns im size. The* 
crystals were mostly monoclinic. Oceasional grains were tetragon® 
and also present, but not common, were grains with internal bladed 
crystals indicative of the tetragonal-monoclinic inversion.”’ 


1 Otto Ruff and Fritz Ebert, Z. anorg. allgem. Chem. 180, 19 (1929). 
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The conclusion to be drawn from’ the petrographic data is, that 
he reversion from.a high temperature to the low-temperature form 
ss not necessarily complete, even with relativély slow cooling. 


2. ZIRCONIA WITH ADDITIONS 
(a) EFFECT OF CeO; 


Only one composition, containing 85 weight percent of zirconia C 
und 15 percent of CeO., was investigated. It is evident from the 
rraphs in figure 3. that this addition of ceria would not prevent the 
hrregular and rapid thermal lengtli changes noted for zirconia alone. 
Similar results were obtained with ceria from both sources (section II, 
page 89). , SW 

The very large permanent shrinkage, beginning at about 1,400° C, of 
the specimen preheated at 1,550° C is of secondary interest only. Of 
primary interest is the low-temperature range in which the inversions: 
take place as compared with the corresponding ranges for the three 
zirconias. ‘That oxide additions may depress the inversion temper- 
atures was shown by Mather’s: work with zirconia and spinel, see ° 
footnote 16, in which case the expansion during cooling started as low 
as about 600° C for a mixture containing 90 mole percent of spitiel. 
As the data show, only 15 weight percent (11.2 mole percent) of CeO, 
was sufficient to lower the beginning of the expansion during cooling 
10 425° C. The small contraction between 1,150° and 1,200° C, for ° 
the specimen. preheated at 1,550° C, may be caused by ZrO, unaffected 
by CeO,., during the preheating. Petrographic examination of spec- 
imens containing CeO, obtained from the oxalate, and which had been 
heated at 1,550°, at 1,800°, and .at 2,000° C also showed that all the 
zirconia was in the monoclinic form. 


‘(b) EFFECT OF Y;0; 


- 


Typical results are shown by the graphs in figure 5. The addition 
of 8 percent. of-yttria to zirconia C and preheating at 1,850° C, pro-. 
duced length changes resembling. in géneral those obtained with the 
l5-percent addition of CeO,. In contrast to this, adding 11.5 percent. 
of Y,O;, and preheating to only 1,700° C, had almost completely 
eliminated the irregularities indicative of. the monoclinic-tetragonal 
transformation, but there was an appreciable permanent shrinkage 
at temperatures above about 1,400° C. The three other curves in 
figure 5 illustrate the effect. of the preheating temperature on’ the 
composition containing 15 percent of Y,O; and 85 percent of zirconia 
C. Acorrelation of the information furnished by the curves in figure 5 
with the results.of petrographic examinations, summarized in table 2, 
shows that the decrease in the irregularities of the thermal length 
changes during both heating and cooling is directly related to the 
presence of the “stabilized” cubic zirconia. . 

Increasing additions of Y,O, to ZrO, tend to produce mechanically 
weaker and more porous bodies, as shown by the following values for 
absorption: . ss , 

ZrO;+- 8.0 percent of Y,0; preheated at 1,850 C 3.6 percent.. 
ZrO,+11.5 percent of Y,O; preheated at 1,700 C 5.6 percent. 
ZrO,+ 15.0 percent, of Y.O; preheated at 1,700 C 12.5 percent. 
ZrO,+ 15.0 percent of Y,O; preheated at 1,850 C___. : 7.7 percent. 
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Figure 5.—Thermal dilatation curves for calcined zirconia of ronm purity 
_with Y,0; additions. 


The temperatures in the legends indicate the heat treatment thie specimens had secsived prior to the testing 


TaBLE. 2.—Petrographic data on heated: specimens of zirconia with yttria additiom 








Composition 





ZrOs 


Y:0s 


Maximum 

preheating 

. tempera- 
ture 


Form of ZrO; determined microscopically . 





% 





% 








| 


*¢ 


’ 


1, 
1, 
1, 900 





85 to 90 percent cubic. 

At least 95 percent cubic. 

95 percent cubic, 5 percent monoclinic. 

About 99 percent cubic. 

Monoclinic with possibly some tetragonal, but ‘definitely 
no cubic. 

All = 


15 one cubic, and 85 percent monoclinic, of which about 
oo appears to have inverted from the tetragonal. 
cubic 





* The X-ray patterns of the samples from this test contained the lines for cubic zirconia having 4 face 
centered cubic cell with ao=5.108.A. The pattern for the sample with 8 percent of yttria contained al” 
lines for monoclinic zirconia. - 
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(c) EFFECT OF SiO; 


It was thought of potential interest to investigate some ZrO,-SiO, 
ombinations vote of the ready. availability of silica and because 
of the well-established use in industry of zircon (ZrSiO,). 
Samples of the mineral zircon were heated for 1 hour at 1,700°, at 
1,750°, and at 1,800° C, and samples of the zirconia-silica mixture in. 
1:1 mole ratio were heated for I hour at 1,700° and at 1,800°C. The 
macroscopic and petrographic appearance of the mineral before and 
after heating at 1,700° and at 1,750° C- was identical, but after the 
1,800°C treatment thé orignially granular sample had sintered into a - 
hard mass, and the X-ray pattern contained only lines for monoclinic 
virconia. The X-ray pattern for the ZrO,:SiO, mixture heated at’ 
1,700° C contained strong lines for- zircon and weak lines for mono- 
clinic zirconia, and the pattern for the mixture heated at 1,800° C was 
identical with that.for the mineral zircon heated at 1,800°C. This is 
good evidence that zircon breaks down between 1,750° and 1,800° C 
to form zirconia and liquid (as there were lines for only one crystalline 
phase). It is in agreement with the petrographic report in Heindl’s . 
paper '® that zircon heated at -1,800° C was composed. wholly of zir- 
conium oxide and glass. Matignon*” and Wartenburg and Gurr” 
also noted the decomposition of zircon above 1,800°C. In reference 
21a curve is published showing the. amount of SiO, lost by volatiliza- 


tion. ‘The data are based on.chemical analyses of zircon samples . _ 


after having been heated for 30 minutes at each of a series of temper- 
atures. At 1,800° C, for example, the loss of silica was practically 
negligible, at 2,000° C it was about 18 percent, at 2,200° C it was about 
65 percent, and at 2,300° C it was indicated to be complete. The 
observed decomposition of ZrO; is not in agreement with published 
diagrams for the system ZrO,-SiO,,” showing congruent melting of 
ZrSiOy above 2,400° C. 

Thermal-expansion tests were made on the following specimens: 
a) 85 percent of zirconia C and 15 percent of silica (by: weight) pre- 
heated at 1,700° C; (b) zirconia aa silica in equimolar proportions 
preheated at 1,500° and at 1,700° C; and (c) the mineral zircon pre- 
heated at 1,700° C. ‘The results are plotted in figure 6. 

Although the results of the two tests made on each of the two. 
test pieces containing 15 percent of silica do not duplicate in detail, 
they are sufficiently alike to justify the conclusion that the expansion 
following the break during heating in the first test and the contraction 
following the break during heating in the second test are caused 
by an actual change in the structure of the body. The nature of the 
change was not discernible by either petrographic or X-ray examina- 
tion, and the subject’ was not’ investigated further because, for the 
present at least, it was of acadeniic interest only. “ae ee AP 

The relatively small length changes accompanying the inversions of 
the zirconia in the two specimens made of equimolar proportions of 
ZrO, and SiO, indicate that the ZrO, is present mostly as ZrSiO,. 
This is in the accord with the X-ray pattern and, although only in- 
dicative, is the best information that could be obtained because the 
structure was so finely crystalline that quantitative estimates of the 
YR. A. Heindl, BS. J. Research 10, 715 (1933) RP562. 

® M. Camille Matignon, Compt. rend. 177, 1290 (1923). 


“ H. von Wartenburg and W. Gurr, Z. anorg. allgem. Chem. 196, 374 (1931). . 
4 E. W.-Washburn and E. E. Libman, J. Am. Ceram. Soc. 3, 634 (1920); N. Zirnowa, Z. anorg. allgem. 


Chem, 218, 198 (1934). 
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crystalline. phases present were not possible by optical examinatio, 

The zircon specimen preheated at 1,700° C showed a slight decreas 
in expansion per degree above 1,500° C, but this was probably caus 
by permanent-shrinkage. The length changes during heating ay 
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Figure 6.—Thermal dilatation curves for calcined zirconia of 99-percent purity 
with SiO, additions, and for mineral zircon. 


The temperatures in the legends indicate the heat treatment the specimens hed received prior to the testing 


during cooling between room temperature and 1,500° C were neatly 
uniform throughout this range. The average coefficient during heat: 
ing is 5.1X10~°, and during cooling it is 5.2:107°. 

. The two prisms containing 15 percent of SiO, had absorptions of 5/ 
and 8.7 percent, respectively, and were relatively: strong, as judged by 
observation. The ZrQ:SiO, mixture preheated at 1,500° C was ver 
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porous and mechanically weak, but the specimen preheated at 1,700° C 
-as firm and had an absorption of 3.5 percent. The zircon test piece 
lso was very firm and its absorption was 7.7 percent. 


(4) EFFECT OF MgO 


X-ray and petrographic evidence shows that ‘additions of either 

percent or 15 percent of MgO, and preheating at temperatures as. 
ow.as 1,550° C, converted most of the zirconia to the stable cubic 
om. Attempts to determine the amounts of cubic zirconia quanti- 
atively producéd conflicting results bétween duplicate observations 
nm the same specimens by -different observers as well as between 
upposedly duplicate specimens by the. same observer... The cubic 
rystal was face-centered with the unit cell size a=5.063 A in a 
ample heated at 1,600° C, and a,=5.07 A in a sample heated at 
1,800° C. The X-ray patterns contained also weak lines for mono- 
linie zirconia and very weak lines for MgO. Petrographic estimates 
based on relative birefringence of the nonisotropic phases) indicated 
2 small amount of tetragonal ZrO, in some samples. 

The thermal length changes of the specimens containing magnesia 
(figs: 7and 8), during both heating and cooling between room tempera- 
ure and about 1,100°C, are very likely determined primarily by cubic 
virconia. Comparison of coefficients for specimens-containing 15 per- 
ent of MgO with the coefficients for the 85-percent-zirconia 15-percent- 
‘ttria test piece preheated at 1,850° C (fig. 5), which was reported 
o be 100-percent cubic ZrO, (table 2), shows good agreement (table 3). 
\bove-1,100°-C, however, the magnesia additions produced length 
hanges that are unique among those observed in this investigation. | 

hey are characterized by (a) two small but well-defined irregularities 
r“breaks’”’ during heating, but no corresponding break during cooling, 
uch.as observed for curves in preceding figures; and (b) a relatively 
very high average coefficient of length change during heating above 
1,400° C-and during cooling above about 1,100° °C. - 

The first of the two breaks observed during heating is probably 
associated. with the inversion of monoclinic to tetragonal zirconia. 
The second break, which occurred at about 1,500° C, is shown-most 
clearly by the two'curves for the duplicate tests of the 92-percent- . 
zirconia 8-percent-periclase composition préheated at 1,850° C 

ig. 7). These and the other curves for ZrO,-MgO bodies previde 
imple evidence that the break at 1,500° C is significant. It may 
accompany the inversion of tetragonal to trigonal zirconia, although 
Cohn* states that the. trigonal is formed only after prolonged heating 
at, or above, 1,900° C. The assumption that there has been a change 
in phase at 1,500° C is supported by the differences in the coefficients 
of thermal expansion (table 3) for the temperature ranges above and 
below the range of the second break. The gradual change in slope of 
the cooling curves, occurring’ between 1,200° and 1,000°.C, probably 
means that a change in phase is taking place, but the absence of the 
‘xpansion during cooling noted. in preceding curves would seem to 
imply that the presence of MgO in the zirconia crystal lattice prevents 


* Willi M. Cohn, Trans. Electrochem. Soc. 68, 65 (1935). 
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Figure 7.—Thermal dilatation curves calcined zirconia of 99-percent purity 
with MgO additions. 


The temperatures in the legends indicate the heat treatment the specfmens had received prior to the testing 
The time notations on the curves indicate the interval of holding at the maximum temperature. 


the inversion taking place with sufficient rapidity to produce 1 
measurable irregularity. 

The thermal length changes above 1,400° C during heating, and 
above about 1,000° C during cooling (table 3; tests 363-E, 390-E, 
and 391—E), are much greater than can be explained with the average 
coefficients of linear thermal expansion for MgO. and various crystél 
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Figure 8.—Thermal. dilatation curves for calcined zirconia of 90-nercent purity 
with MgO additions and with CaO additions, and curves for artificial CaO.ZrOy,. 


The temperatures in the legends indicate the heat treatment the specimens had received prior to the testing. 
The time notation on the curves indicates the interval of holding at the maximum temperature. 


purity 
_ phases of ZrO, that may be present. These coefficients, ain in table 
testing #3, are summarized as follows: . 
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TABLE 3.— Coefficients of linear thermal expansion 
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‘» Phases given in parentheses are believed to be present in capensis amounts, but this was not & 


tablished. 
» Specimen cut from a single crystal of water-clear periclase and the expansion determined is parallel witt 


the octahedral axis. This is the same specimen for which values are given in table 1 


It can be said, in general, that (a) the thermal length changes ¢ 
zirconia with magnesia additions of from 8 to 24.65 percent are hig 
but regular between room temperature and 1,100°, and that thes 
bodies should have a fairly good resistance to thermal shock in thi 
temperature range; and (b) these bodies will have a poor resistance 
to thermal shock in temperature ranges above 1,200° C because 
inversions, or crystalline formations, the identity of which have no 
‘been established. 

It is of interest that all these bodies were mechanically hard and 
strong,.and that specimens of MgO and ZrO, in 1:1 molar rat, 
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hen heated at 1,700° C, were the only ones encountered in this in- 
stigation that were completely vitrified (water absorption less 
han 0.1 percent), res 

(e) EFFECT OF CaO 


Curves illustrating the length changes observed for zirconia with 
me additions are shown in figures 8, 9, and 10. The formation of 
he compound CaO.ZrO, having been reported in the literature,” it - 
as thought that a determination of the thermal-expansion behavior 
ould be of interest. -A mixture containing CaO and ZrO, in equi- 
olar ratio (31.3 weight percent of CaO) heated at 1,700° C was‘over 

percent one phase, and heating at 1,850° C produced over 99 
reent-one phase. This phase-was described as having medium 
irefringence, with index of refraction of about 2.05 maximum and” 
035 minimum. The X-ray pattern corresponds to the cubic form 
ut, since the optical properties are not those of a cubic substance, it 
probable that the symmetry is of lower degree. This is in agreé- 
ent with Ruff, Ebert, and Stephan (footnote 24). There was 
istinct cleavage in one direction with polysynthetic twinning parallel 
the cleavage. ; ; 

The thermal-expansion and contraction curves for specimens of 
a0.ZrO., preheated at 1,850° and-at 1,700° C, are shown in figure 8. 
he average coefficient of linear thermal expansion for the composi- 
io preheated at 1,850° C, in the rangé from room temperature to 
500° C, is 8.3X10-*. (Specimens of this composition were very 
orous and friable, ‘and the results obtained during cooling below 
00° C are not believed to be significant.).. The average coefficient 
f linear thermal change in the range from room temperature to 
300° C is 10.1 10~* during heating, and 10.6 10~* during cooling, 
or the composition heated at 1,700°C.. These values approximate 
hose for the composition 85 ZrO,—15CaO (fig. 8), which are 10.4 
0° during heating and 11.2 10~* during cooling, -An X-ray pattern 
or the latter composition contained lines for only cubic zirconia and 
aZrOs: : . re 

Curves for zirconia with 6- and 8-percent CaO additions are shown — 
n figure 9. The 6-percént addition and- preheating at 1,450° C 
nverted about two-thirds 6f the sample to cubic zirconia. The 
emaining one-third consisted of CaZrO; and (probably) monoclinic 
/r);. The presence of an appreciable amount of noncubic zirconia 
sindicated by the breaks in the curve. Preheating the same com- 
osition at 1,565° C had converted all the uncombined ZrO, to the 
ubic form. It also had almost eliminated the permanent shrinkage, 
mounting to 2.0 percent for the test piece preheated at’ 1,450° C: 
oth of the specimens containing 8 percent of.CaO, for which curves 
ire shown in figure 9, contained only cubic zirconia and calcium — 


ritconate, and, in the range from room temperature to 1,400° C,:°— 


heir curves are practically identical with the curve for the 6-percent- 
a0 composition preheated at 1,565° C. The average coefficient of - 
inear thermal. expansion for this group (fig. 9), in the range 25° to 
1400° C, is 11.0%10~* during heating and 11.5 10~° during cooling. 
ll the specimens containing 6 or 8 percent of CaO were porous. The 


* Otto Ruff, Fritz Ebert, and Edward Stephan, Z. anorg. Cliem. 180 215 (1929), who presented identifica 
on data based on X-ray examinations, , A, _° . 
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lowest recorded water absorption was 9 percent for the 8-percent-C,() 
expansion piece preheated at 1,750° C. 

he results for mixtures of zirconia with 4 and 5 percent of Ca 
are recorded in figure 10. The curves show what is the most striking 
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Ficure 9.—Thermal dilatation curves for calcined zirconia of 99-percent purity 
with CaO additions. 


The temperatires in the legends indicate the heat treatment the specimens had received prior to the testing 
- The time notation on the curves indicates the interval of hoiding at the maximum temperature. 


development of the entire investigation—namely, that a 4-percent 
‘ addition. of CaO has little effect on the thermal expansion of zirconia, 

whereas a 5-percent addition eliminates the favegtlasities in the ther- 
mal length changes and causes an apparently complete conversion 0! 
the uncombined ZrO, to the stabilized cubic form. The average 
coefficients of linear thermal expansion for the 5-percent-CaO speci 
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mens preheated at 1,700° and at 1,850°.C-are 10.8X10~° during . 
heating and 11.3 10~* during cooling, in the range 25° to 1,400° C. 
All the specimens in this group (fig. 10) heated at 1,600° C or higher 
were fairly hard and dense; the absorption ranging from 3.08 to 6.15 
percent. - 2 
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Ficure 10.—Thermal-dilatation curves for calcined zirconia of 99-percent purity 
with CaO additions. - 


The temperatures in the re indicate the heat treatment the specimens had received prior to the testing. : 
V. DISCUSSION AND CONCLUSIONS. 


_It seems evident from the data presented in-figures 2 and 3 that 
zirconia (96 to 99 percent pure), whether calcined or fused, and whether 
preheated in a test piece at a relatively low temperature (1,450° C) 
or as high as 1,950° C, will undergo large and rapid length changes 
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during both heating and cooling in the temperature ranges to which; 
-would normally be subjected as a refractory in service. The tempey 
ture ranges through which these length changes occur, the shar 
defined temperatures at which expansion begins during cooling, and t, 
amounts of length change, will duplicate very closely in repeaty 
tests for any one specimen, but are affected by the purity of the zircon; 
and the thermal history. The greatest length changes, and the highs 
temperature ranges in which these took place, were noted for th 
zirconia of highest purity preheated at 1,950° C. The contractig 
during heating is accompanied by heat absorption (endothermic), ay 
the expansion during cooling.is accompanied by a liberation of he 
(exothermic). The former is seaennali a manifestation of a phas 
‘change from monoclinic to tetragonal zirconia, and the latter a» 
‘ version of the tetragonal to the monoclinic form. 

In their study of zirconia, Ruff and Ebert (see footnote 18) hy 
concluded that a metal with an ionic radius approximating that ; 
Zr+*++, and having an oxide with a cubic structure, would be mo 
likely. to entér the zirconia lattice and form the so-called stabilize! 
cubic crystal, which is not subject to phase changes during heating ar 
cooling. A correlation of pertinent values is given in table 4; and « 
cording to this one would expect the addition of CeO, to affect t) 
ZrO,.in a manner similar to the effect of Y,0; or CaO. Ruff avi 
Ebert (see footnote 18) did in fact report-the formation of the cub 
‘zirconia by adding 10 mole -percent (13.4 weight percent) of Cel 
and heating at 1,750° C. The information available does not explai 
why, in this investigation, the addition of 15 weight percent of Cel 
-and heating at various temperatures from 1,550° to 2,000° C failed « 
duplicate their result. 


TaBLe 4.—Correlation of the atomic radius of some metals, and the crystalline for 
of their oxides, with their effect on the crystalline form and unit cell size of Zr0; 








Metal . ". Zirconia plus oxide | 





‘Crystalline form of ZrO; at 
room temperature. 


LJ Crystalline form of oxide 
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0. Monoclinic 
do » 

















* Quartz is trigonal, cristobalite is pseudoisometric, and tridymite is orthothombic. 
. > Data from R. F. Geller, J. Research N BS 27, 555 (1941) RP1443. 

e Zirconia of high purity is normally monoclinic at room temperature. > 

4 L. Passerini, Value for cubic zirconia, extrapolated to pure ZrO:2, Gazz. chim. ital. 60, 762 (1930); in Py 
Rev. [2] 27, 798 (1926), Wheeler P. Dayey proposes a face-centered cubic structure with a=5.098 A. 

¢ Otto Ruff and Fritz Ebert (Z. anorg. allgem. Chem. 18@, 19 (1929) obtained cubic ZrO: by adding * 
mole percent of CeO: and heating at 1,750° C. 

By heating a 1:1 (mole) composition of ThO: and ZrO at 2,600° C, Otto Ruff; Fritz Ebert, and 

- Woitinek (Z..anorg. allgem. Chem. 180, 252, 1929) prevented the reversion to monoclinic ZrO; and obtal® 

two mixed crystals with fluorite (cubic) type lattice and unit cell sizes of 5.32 A and 5.51 A, respective! 
After heating at 2,400° C, the zirconia retained its monoclinic structure. } 
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The addition of at least 11.5 peréent of Y,O; and heating at 1,700° 
was required to transform most of the zirconia to the stabilized 
ondition, and complete conversion was obtained by adding 15 per- 
ent and heating. at 1,850° C. However, because of the comparative 
arity and high cost of yttria, this would be at present a commercially 
»practicable method for producing usable zirconia ware exeept in 

pecial applications. 
Silica (added as quartz) reacted partially with zirconia at 1,500° 
nd at 1,700° C to form zircon (ZrSiQ,), but zirconia which had not. 
ombined retained the monoclinic structure. As a-result, the length 
hanges of these compositions ‘retained the irregularities of the un- | 
tabilized ZrO. ‘The amount of length change at the. monoclinic@ 
tragonal’ inversions was, however, much smaller for the ZrO,-SiO, 
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1GuRE 11.—Proposed equilibrium diagram for the system ZrO,-SiOn, based on the 
observed incongruent melting of zircon at about 1,775° C. a 





iixture in 1:1 mole proportions than for the zirconias without addi- 
ions. The thermal length changes of mineral zircon preheated at 
,700° C-were very uniform throughout the range from room tem- 
erature to 1,500° C. during both heating and cooling, and the co- 
ficient averaged 5.15X:10-°. This mineral would be an excellent 
efractory material-for high temperature work if it did not’ break 
lown between 1,750° and 1,800° C to form zirconia and liquid, As- 
uming complete breakdown, about one-third by weight, or one-half 
by volume, of the resultant body would be silica-rich glass. In view 
bf the evidence presented for incongruent melting of ZrO,., one must: 
onclude that the published diagrams for. the SiOQ;-ZrO, system (seé 
ootnote 22) are incorrect and a modification is suggested in figure 11. 
Magnésia was more effective than yttria for eliminating irregular- 
ties in the thermal length changes below 1,100° C. Above this 
emperature, however,.the additions of MgO caused very high ex- 
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pansions and contractions during heating and cooling, respectively, 
the average linear coefficients ranging from 19.210-* to 132 10" 
The zirconia-magnesia compositions were dense and: appeared very 
strong. The only nonabsorbent specimens obtained in this invest). 
gation contained equimolar proportions of zirconia C and periclas 
and were heated at 1,700° C. 

The CaO additions were not only the most elective means noted 
in this work for producing the cubic zirconia, but they also provide; 
an interesting demonstration of. the radical changes in properties 
which may be caused by small clianges in composition. As was ob. 
served, a 4-percent addition.of CaO and preheating as high as 1,850" 
C had little effect on the inversions of the zirconia, whereas an a/- 
dition of 5 pereent and heating at 1,550° C brought about an almosi 
. complete transformation to the cubic form. A suggested explanation 

_for the seemingly inordinate effect of the 1-percent addition of Ca( 
is based on the Bown volume of the Ca ion compared to the Zr ion, 
.or to the other ions which produced the cubic zirconia. One may 
assume that when a comparatively large ion enters the framework o/ 
the zirconia crystal, its effect will be more prenouneed than the effect 
of a’small ion. "Thus, for example, increasjng additions of the. Mz 
ion, which has a volume 12 percent smaller than the Zr ion, shoul 
effect a more gradual change to the cubic form than increasing ad«i- 
tions of the Ca ion, which occupies a. volume 72 percent larger than 
the Zr ion. 

In general, the results show that the irregular thermal length 
changes accompanying phase transformations in zirconia may be 
prevented by changing the crystal to the stable cubic form. This 
was accomplished by (a) 11.5- and 15-percent additions of Y,O; and 
heating at 1,700° © or higher; (b) 8- and 15-percent additions o/ 
MgO and heating at 1,550° C or higher, but only in the range from 
room temperature to 1,200° C; and (c) 5-, 6-; 8-, and 15-percent ad- 
ditions of CaO and aeating at 1,550° C or higher, but additions o/ 
more than 6 percent caused the specimens to be very porous and 
om geo pd weak. In all cases, however, the expansion during 

eating and contraction during cooling. was relatively high. The 
coefficients of linear thermal expansion ranged from 8.8 to 11. 8X10" 
for specimens that were all, or nearly all, cubic. .Also, zirconia. has 
a low thermal conductivity relative to such materials of high thermal 
expansion as alumina, magnesia, and beryllia (unpublished data 
Consequently, a high resistance to thermal shock cannot be expected 
of the stabilized product, even though it is not subject to the structural 
disintegration characteristic of the commercially pure material. 

In order to apply the findings of this study, some shapes were cast 
of 94 percent zirconia and 6 percent lime, and installed in the furnace 
shown in figure 1.- Only 29 tests have been made with the furnace 
since that time, but so far no tendency of the shapes to disintegrate 
has been noted. : 


The authors are indebted to B. L. Steierman and to H. F. MeMuridit 
‘for the petrographic examinations and for the X-ray patterns ané 
their interpretations. 


Wasuinoron, April 13, 1945. 
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ACETYL DERIVATIVES OF CERTAIN HEPTOSES, OF. 
~ GULOSE, AND OF LACTULOSE 


By Harriet L. Frush and Horace S. Isbell 


ABSTRACT 


In the course of an investigation of the stereomeric factors that influence the 
course of’ replacement -reactions,. several ‘new acetyl derivatives of the sugars 
were prepared. Inasmuch as the sugar acetates are of importance for analytical 


-purposes, for the synthesis of other substances, and for the elucidation of structure, 


the new compounds are reported, even though the study of the reaction mecha- 
nisms has been temporarily discontinued. The preparation and properties are 
given for several new acetates of the heptoses, and for acetates of p-gulose, 
p-glucoheptulose, and lactulose. pas . 

The following new compounds are reported: Hexaacetyl-p-glycero-8-p-tdo- . 
aldoheptose, melting point 136° C, [a]*%,-—9.1°; pentaacetyl-p-glycero-a-p-ido- - 
aldoheptosyl bromide, melting point 114°-C, [a]%, + 143°; methvl pentaacety]-p- 


 glycero-8-p-tdo-aldoheptoside, melting point 136° to 137° C, [a]*8, —31.3°; hexa- 


acetyl-p-glycero-arp-talo-aldoheptose, melting point 137° C, [a]8, +88.8°; hexa- 
acetyl-p-glycero-L-galacto-aldoheptoses (crystalline mixture) ; pentaacetyl-p-gulose, 
melting point 113° C, [aP8, +86.2°. (needle form), and melting point 105° to 
106° C, [a]%, +86.2° (prismatic form); pentaacetyl-p-glucoheptulose, melting 
i ove 115° C, [a}$, +45.9°; octaacetyllactulpse, melting point 138° C, _ 
arp, —~ V. . ae . 


CONTENTS | 


. Introduction 
. Derivatives of p-glycero-p-ido-aldoheptose (p-8-glucoheptos 
1. Hexaacetyl-p-glycero-8-p-tdo-aldoheptose 
2. Pentaacetyl-p-glycero-a-p-ido-aldoheptosy! 
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_ I, INTRODUCTION 


In the cyclic sugar derivatives the carbon atoms have known con- . 
figurations and are united in a ring, so that rotation about the in- 
dividual carbon-carbon bonds cannot take place. Consequently, 
the spheres of influence of the various groups attached to the ring 
are definitely fixed in relation to one another. For ‘this reason the 
cyclic sugar derivatives are particularly suitable for studying the - 


$49238__45 8 . . 111 
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effect of the relative position in space of the groups within the mole- 
cule upon the course and mechanism of replacement reactions. 

Several years ago an investigation was begun in this laboratory of 
the influence of acetyl groups attached to the pyranose ring on the 
course of replacement reactions [1, 2].'_ At that time it’ was planned 
to prepare a large number of acetylglycosyl halides and to study their 
behavior in the Koenigs-Knorr reaction in order to ascertain the 
part which acetyl groups of neighboring carbons play in replacement 
reactions. ‘A sufficient number of compounds was studied to warrant 
the formulation of the hypothesis that when. an acetyl group jis 
capable of approaching the face of the glycosidic carbon opposite 
the attached halogen, cleavage of the halogen occurs with Walden 
inversion and the formation .of an orthoester.? Further study of 
the Koenigs-Knorr reaction has been in progress for some time, but 
because of the national emergency this work has been discontinued 
for the present. It seems desirable, however, to.report the prep- 
aration and properties of certain ‘new compounds that have been 
obtained, even though the work is not complete. . 

‘According to the premise on which the. investigation was based, 
an acetylglycosyl halide having a trans configuration for. the halogen 
of the glycosidic carbon and the acetyl group of the adjacent carbon 
can yield, on application of the Koenigs-Knorr reaction, the alpha 
and. beta glycosides, and a methyl orthoacetate. Reaction 1 shows 
the formation of a glycoside with inversion of the glycosidic carbon; 
reaction 2 shows the formation. of a methyl.orthoacetate; whereas 
reaction 3 shows the formation of a methyl glycoside having the same 
configuration as the parent. acetylglycosyl halide. Reaction 3 in- 
volves the formation of an intermediate: of the orthoester type; 
as it includes two inversions, the configuration of the glycosidic 
carbon is‘retained. Although reaction 3 is illustrated in the diagram 
with a transient intermediate of the orthoester type, other transient 
intermediates are’ possible and might be formed from nucleophilic 
(electron-sharing) groups in the environment. 

In an acetylglycosy! halide having a cis configuration for the halogen 
and. the neighboring acetyl group, the acetyl cannot approach the 
face of the. glycosidic carbon opposite the attached halogen, and 
consequently it cannot directly undergo reactions of the orthoester 
type.. The halogen can be replaced readily, with inversion, by 
nucleophilic groups from the environment. The formation, in some 
cases, of small quantities of the glycoside having the same configur- 
ation as the parent, acetylglycosy!l halide may arise from an even 
number of: successive displacements with inversion “involving one or 
more unstable intermediates. In addition to the.mechanisms out- 
lined above, reactions resulting in racemization may take place by 
the formation of free carbonium.ions.. This course seems, however, 
to be of little importance under the conditions used in the present 
investigation. ; 


' Figures in brackets indicate the literature references at the end of this paper. 
2 An excellent review of the subject of carbohydrate orthoesters is given by H. W. Post in The chemistry 
of aliphatic orthoesters, p. 106-114 (Reinhold Publishing Corporation, New York, N. Y., 1943). ; 
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In the aldoses, carbon 1 is bound in a ring, and consequently only. 
those acetylglycosyl halides having the acetyl group. of carbon 2 
and the halide of .carbon 1 in. the trans position form orthoesters. 
In the. ketoses, the halogen of the acetylglycosy! halide is located on 
carbon 2, and may be replaced by the acetyl groups of.either carbon 1 
or carbon 3. Presumably, reaction of an acetyl group of carbon 3 is 


' 
a. 
OH 
ay 
4 S « 


(ag,0) 


CH, GH 
\ 


? 7 nr 

H—c—0 "+. .CH,0—C—H, 

(3) 
— a Q 
ee ~C—0—CCH, 


possible only when the group is trans to the halogen of carbori 2. 
As carbon 1 of the ketoses is not bound in the ring, and rotation about 
the carbon-carbon bond: -is possible, an. acetyl group attached to 
earbon 1 can always approach carbon 2 from the direction favorable 
for orthoester formation. Consequently, ‘all the ketoses should be. 
capable -of forming 1,2-orthoesters. Several orthoesters of ketoses 
have been reported in the literature [3], but none has been proved 
to have the 2,3-structure, and further investigation seems desirable: 
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II. DERIVATIVES OF p-GLYCERO-D-IDO-ALDOHEPTOSE 
(D-8-GLUCOHEPTOSE)’ [4] 


a. 2: 2 ae .. 
HO.H,C_O- ¢ ( ' b-cH.on 
oh h oh 4H 

| 0 








In previous publications [5, 6] the similarity of substances having 
like configurations for the carbons comprising the pyranose ring has 
been stressed, and it has been pointed out that any sugar capable of 
forming a pyranose ring may be considered to be configurationally 
related to one of the eight aldohexopyranoses. ‘The pyranose modi- 
fications of the aldoheptoses differ from those of the aldohexoses 
merely in the number and stereoisomeric arrangement of the atoms. 
in the side chain attached to the pyranose ring. 

Little is known concerning the properties of the compounds of idose, 
the only aldohiexose which has not been obtained in the crystalline 
state.‘ However, p-glycero-p-ido-aldoheptose (p-8-glucoheptose), one 
of the two aldoheptoses having the idose configuration, has been 
crystallized [8]. In this irivestigation a crystalline acetate, acetyl- 
glycosyl bromide, and methyl acetylglycoside of the sugar have been 
prepared. The acetyl-a-glycosyl bromide is of particular interest to 
the present study because the acetyl group of carbon 2 is trans to the 
halogen of carbon 1 and can approach the face of carbon 1 from the 
direction presumably favorable for the production of orthoesters. 

The experimental study was complicated by .the fact that the 
acetylglycosyl bromide is relatively unstable. When it was dissolved 
in chloroform, a mutarotation reaction took place with gradual dis- 
coloration of the solution.: The compound could not be reclaimed 
from the chloroform solution, which turned black overnight; as did 
also the mother liquors of recrystallization..:The compound keeps 
fairly well if a thin layer is stored over sodium hydroxide in a vacuum 
desiccator, at.a low temperature. Without these precautions even 
the pure substance decomposes with the liberation of hydrogen bro- 
mide. -The relative instability of the. bromide might arise from the 
fact that the oxygen of the acetyl group of carbon 2 can approach the 
face of carbon 1 opposite the attached bromide. This stereomeric 
condition would make possible intramolecular elimination of the bro- 
mide ion by a reaction of the orthoester type. Application of tle 


+ The systematic names used in this paper are derived by a procedure which is applicable to substances 
containing more than four contiguous asymmetric carbon atoms. .The horizontal formula is written in the 
Fischer conventional manner with the lowest-numbered asymmetric carbon at the right. Configurations 
units are set off in order, beginning with the lowest-numbered asymmetric carben, and the name js read from 
left to right in manner analogous to setting off and reading a Jarge number. The derivation of the syste 
matic name for D-#-glucoheptose is illustrated below: 


H H.OH H O8 
HO.H,C—¢-—¢-—— ; —b——cno 
OH OH H ow 
—_— 
D-glycero ~ D-ido 
p-glycero-r-ido-Aldoheptose 





* Gulose has been crystallized only in the form of a calcium chloride compound {7 
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Koenigs-Knorr reaction [9] to the acetylglycosyl bromide gave a product 
that .was obviously a mixture.. From this mixture a crystalline 
glycoside, tentatively classified: as the beta pyranose modification, 
was obtained in 43-percent yield; the residual products of the reaction 
have not yet been identified, but will be the subject of future in- 
vestigation. ce fe , ha 

A comparison by means of Hudson’s isorotation principle [10] of the 
molecular rotations of the three new. derivatives of p-glycero-p-ido- 
aldoheptose with molecular rotations of previously known pyranose 
derivatives of the epimeric sugar, v-glycero-p-gulo-aldoheptose is of 


interest. 
= ° Refer- 
la]p ; [M]p ence 


Hexsaacetyl-p-glycero-8-p-gulo-aldoheptose_;. +4. 8° +2, 200 [11] 
Hexaacet yl-p-glycero-p-ido-aldoheptose: _ —a@-1° —4, 200 


Difference... ....... : +6, 400 


Pentaacetyl-p-glycero-a-p-gulo-aldoheptosy] : . 
bromide : . +75,400 — [12] 
Pentaacetyl-p-glycero-p-ido-aldoheptosy] bro- . : . 
-+143° ~ +69, 100 


Difference_......--- EE ENE Oe Oe aeehinn +6, 300 


Methyl pentaacetyl-p-glycero-8-p-gulo-aldo- . , 

heptoside — 16° —6,950 | [12] 
Methyl pentaacety-p-glycero-p-ido-aldohep- ge: 

toside : — 13, 600 


Difference 


The fact that pyranoses are ordinarily obtained by the methods used 
for preparing the new compounds, and the approximate agreement 
of the epimeric differences, seem to support the classification of the 
new compounds. as pyranose derivatives. Apparently the acetate 
and acetylglycosidé are beta compounds, and the bromide is an alpha 
compound. ‘Additional work is necessary for the rigorous classifica- 
tion of these substances, but: they are tentatively designated: 
- Hexaacetyl-p-glycero-8-p-ido-aldoheptose. 
Pentaacetyl-p-glycero-a-p-ido-aldoheptosyl bromide.. 
Methyl pentaacetyl-p-glycero-8-p-ido-aldoheptoside. - 


3. HEXAACETYL-p-GLYCERO-8-p-IDO-ALDOHEPTOSE 


Twenty-five grams of finely powdered p-glycero-b-ido-aldoheptose 
(p-8-glucoheptose) [8] was added to a mixture of 300 ml of acetic 
anhydride and 250 ml. of pyridine previously cooled to 0° C and con-° 
tained in a-flask equipped with a sealed mechanical stirrer. The mix- 
ture was stirred at 0° C until solution was complete (about 2 days) and 
then-poured with stirring into 6 liters of ice water. After half an 
hour, the product, was extracted with chloroform, and the chloroform 
extract: was washed several times with an aqueous solution of cupric 
nitrate and finally with water. The chloroform solution was dried,. — 
filtered, and finally concentrated in vacuum to a sirup from which the 
acetate crystallized. After the addition of ether the crystals were. 
separated by filtration. _By concentrating the mother liquor, a second 
crop of crystals was obtained, making a total yield of 36.7 g of crude 
acetate. Three successive crystallizations from warm ethyl alcohol . 
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yielded pure hexaacetyl-p-glycero- p-ido- aldoheptose, mp, 136° C. 
[a]?= —9.1° (chloroform, c=4).5 The melting point and optical rota. 
tion were unchanged by recrystallization. A microphotograph of 
the crystals is given in figure 1, A. 

Analysis: Calculated for C,.He,0,3: C, 49.35; H, 5.67; CH,CO, 
55.85. . Found:-C, 49.2; H, 5.6; CH; CO, 55.8. 


2. PENTAACETYL-p-GLYCERO-a-p-IDO-ALDOHEPTOSYL.BROMIDE 
(PENTAACETYL-a-p-8-GLUCOHEPTOSYL BROMIDE) 


One gram of finely powdered hexaacetyl- p-glycero-8-p-ido-aldohep- 
tose was brominated ‘at 0° C. by treating it with 5 ml of a saturated 
solution of hydrogen bromide in acetic acid, to w hich 0.5 ml of acetic 
anhydride had been added. The sugar dissolved in about 10 minutes, 
The solution was kept at 0° C for 3 hours, after which time it was poured 
into ice water, and extracted: quickly with: benzene. The benzene 
extract was washed six times with ice water, dried with Drierite, and 
after filtration, concentrated in vacuum to a thin sirup, which crystal- 
sized upon the addition of ether. The preparation was repeated on 
leveral  5-g quantities of hexaacetyl-p-glycero-8-p-ido-aldoheptose, 
which yielded about 4 g each of the crude bromide. The compound 
was recrystallized several times by dissolving it in ether, and adding 
petroleum ether to saturation. When pure, it melts at 114° C. 

Analysis: Calculated for C,;H.,0,,Br: C, 42.25; H, 4.80; Br, 16.54. 
Found: C, 42.9; H, 4.8; Br, 16:3. 

A 0.0490-g. sample of the substance dissolved in . purified chloroform 
to give a-volume of 1.511 ml showed an optical rotation in a 1-dm tube 
of +13. 39°S 10 minutes after dissolution. The ‘optical rotation de- 
creased in 5 hours to +10.43°S; after 18 hours the solution was too 
dark to read. The reading 10 minutes after dissolution corresponds 
to [a]?=+143° (chloroform, c=3.2). A microphotograph ’ of the 
the crystals is given in figure 1, B. 


3. METHYL PENTAACETYL- p-GLYCERO-§8-p-IDO-ALDOHEPTOSIDE 


Four grams of p-glycero-a-p-ido- -aldoheptosy! bromide was added toa 


cold reaction mixture consisting of 200 ml of anhydrous methyl alcohiol, 
16 g of freshly prepared silver carbonate, and 8 g of powdered Drierite. 
The mixture was stirred continuously at 0° € for about 1 day; and then 
filtered. The filtrate was concentrated in vacuum to a sirup, from 
which approximately 3 g of crystals was separated. Examination of 
the material under the microscope revealed two types of crystals. 
After two recrystallizations from ethyl alcohol, 1.55 g of homogeneous 
material, mp 136° to 137° C, was obtained. [a]? = —31.3° (chloro- 
form, c=2). The constants were not changed by further -recrystalli- 
zation. A ‘mic rophotograph. of the crystals is rs in figure 1, 

Analysis: Calculated for C,.H,.O,.: C, 49.77; H, 6. 03: CH;CO, 
49.56; CH,O,-7.14. Found: C, 50.0; H, 6.1: -CH,CO; 49. 7: CH,O, 7 7.1. 

In order to pce he whether or not. the substance is an orthoester, 
it was treated with a 0.5-percent solution of hydrogen chloride ‘in dry 
chloroform under conditions which have been shown to cause the 
rapid conyersion of orthoesters to acetylglycosyl chlorides [13]. See 
also page 420 of [2]. ‘No rapid change in optical rotation was: ob- 


5 The constants for this substance were previously reported on page 724 of reference [10b]. 
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served, and after 10 minutes the hydrogen chloride was removed by 
the addition of dry silver carbonate and filtration. After evaporation 
of the filtrate, crystalline methyl . pentaacetyl-p-glycero-8-p-ido- 
aldoheptoside was reclaimed unchanged. -As the substance in chloro- 
form solution is not sensitive to hydrogen chloride, it does not have 
an orthoester structure. we 


III. HEXAACETYL-D-GLYCERO-a-D-TALO-ALDOHEPTOSE 
(HEXAACETYL-a-D-8-MANNOHEPTOSE) . , 


_H H OAc OAc OAc H 
ee ; P 4 








p-glycero-v-talo-Aldoheptose [14, 15] js one of the two sugars ob- 





tained by application of the cyanhydrin synthesis to mannose. - . 


The free sugar has the a-p-talose configuration for the atoms com- 
prising the pyranose ring, and its properties show-a parallelism ‘to 
those of a-p-talose.. As tetraacetyl-a-p-talosyl bromide is readily. 
obtained in the crystalline state and gives rise by the Koenigs-Knorr 
reaction to a methyl orthoacetate [16], it was of interest to attempt 
the successive preparation of the acetate, acetylglycosyl bromide, 
and’ the methyl orthoacetate of v-glycero-p-talo-aldoheptose. The 
acetate has been prepared, and its properties are reported here, but . 
the preparation of the acetylglycosyl bromide and the study of its © 
behavior in the Koenigs-Knorr reaction must await a more opportune 
time. ‘ . 

Inasmuch as the new acetate was prepared from p-glycero-a-p-talo- 
aldoheptopyranose, and contains six acetyl groups, it is presumably 
hexaacety|l-p-glycero-a-p-talo-aldoheptopyranose..: This classification 
is supported by the agreement of its optical rotation with that cal- 
culated from the rotations of compounds affording a comparisori of 
“epimeric differences” [17]. p-glycero-p-talo-Aldoheptose (p-8- man- 
noheptose) has the p-taloese structure, and p-glycero-p-galacto-aldohep- 
tose (D-a-mannoheptose) has the p-galactose structure.. The molec- 
ular rotation of pentaacetyl-a-p-talopyranose (-+27,400) [16] is 
14,250 units’ less than that of pentaacetyl-a-p-galactopyranose 
(+41,650) [18]. Assuming that this epimeric difference applies in 
the heptose series, the molecular rotation of hexaacetyl-p-glycero-a-p- 
talo-aldoheptopyranosé should be 14,250 units less than that of 
hexaacetyl-p-glycero-a-p-galacto-aldoheptopyranose (+55,850) [19], 
or +41,600. This value corresponds to a specific rotation of +90.0° 
in comparison with the observed value of +-88.8°. 

Acetylation of v-glycero-a-p-talo-aldoheptose—A finely powdered 
sample of p-glycero-a-p-talo-aldoheptose monohydrate (2.35 g) was 
~ acetylated at 0° C with a mixture of-13 mlof acetic anhydride and 20 
ml of pyridine. The mixture was stirred at 0°C for 18 hours, and 
then poured with stirring into 400 ml of ice water. In the course of 
half an hour the product’ crystallized in small needles or slender 
prisms, which, when separated, weighed 3.6 g and melted at 128° to 
132°C. The crude product was recrystallized from‘15 ml of hot 
ethyl alcohol. The first crop of crystals weighed 2.7 g and melted at 
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135°. to 137°C. Reecrystallization from 10 ml of hot ethyl alcoho) 
gave 2.5 g, melting at 137°C (fig. 1, A). [a]?=+88.8° (chloroform, 
c=4). The melting point and optical rotation were unchanged by 
further recrystallization of the soepouns. 

Analysis: Calculated for CigH2.Q;;: 49.35; H, 5.67; CH,C0. 
55.85. Found: C, 49.6; H, 5.7; CH;CO, “ten 


IV. HEXAACETYL-D-GLYCERO-1- GALACTO- 
ALDOHEPTOSES 


(HEXAACETYL-D-8-GULOHEPTOSES) 


H | H ~ OAc | 
AcO.H, oC C é é ‘ CH.OAc 
‘bac i a 2 


Acetylation of serene L-galacto-aldohe tose.—A 1.35 gm. sample of 
finely powdered p-glycero- a-1-galacto-eldcheptose (a-p-8-guloheptose)' 
was acetylated,at 0° C with 9-ml of acetic anhdride and.14 ml of 
pyridine. The sugar went into solution slowly; when solution was 
complete the mixture was poured with stirring into 10 volumes of ic 
water. In the course of ter half an hour, crystals separated. frow 
the water mixture; they were collected on-a filter and the filtrate was 
extracted with benzene. The benzene solution was evaporated to s 
sirup, which was brought to crystallization by the addition of alcohol. 
The crystals obtained both from water and from the benzene ‘extract 
melted over a wide range and appeared to be mixtures. By numerow 
recrystallizations.of the combined products from ethyl, isopropyl, and 
isoamy] alcohols, and finally from ligroin, two fractions were obtained 
the larger of w hich melted at 117° to 118° C and had a specific rotation 
of —65°. A smaller fraction melted at 150° to 155° C and ‘had’: 
specific rotation of approximately —15°.° Microscopic examination 
of the fractions showed. that they were not homogeneous and consisted 
of mixtures of large flat plates and slender needles. However, it has 
been impossible with the amount of material at hand to effect : 
complete separation and purification of these acetates. The analysis 
of the larger fraction (mp, 117°. to 118° C, [a]J?, —65°) ‘agrees with 
that of a hexaacetylheptose. . Hence it is assumed that the materi 
consists of two crystalline isomeric hexaacetates of p-glycero--galacto- 
aldoheptose. The formation of two crystalline acetates shows that the 
conversion of the parent sugar to other modifications takes plac: 
during the acetylation, even under the mild conditions employed here 

Analysis of the fraction melting at 117° to 118° ©: Caleulated for 
Cy 9H 3,0;3:° C, 49. 35; H, 5. 67; ; CH,;COQ, 55.85. Found: C, £9. 3; H, 
5.7; CH;CO, 55. a 








* LaForge [20], who was the first.to prepare this sugar.in the crystalline state, called it a-d-guloheptos 
For reasons pointed out in [21] the name was subsequently changed by Isbell to d-8-gulokeptose. The sy* 
tematic name for the alpha modification of the sugar is D-glycero-a-L-galacto-aldoheptose. 
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V. PENTAACETYL-p-GULOSE’ | 
H OAc H H . 
6 __cit.one 


Ac bac 





AcO.CH,—C- i, , ; 





The aldohexose, gulose, has been crystallized only in the form of 
the calcium chloride compounds, a-p-gulose.CaCl,.H,O0 and . (p- 
gulose)».CaCl, {7]. Numerous attempts to obtain a crystalline acetate 
by acetylation of  a-p-gulose.CaCl,-H,O either with acetic anhydride | 
and pyridine or with aeetic anhydride and sodium acetate gave sirups 
that failed to crystallize. Acetylation of the calcium chloride com- 
pound with acetic anhydride and sulfuric acid at 0° C gave a small 
quantity: of a crystalline gulose pentaacetate. The material was 
obtained in somewhat higher yield by the zinc chloride method. ° 

A comparison, by means of Hudson’s principle of isorotation, of the 
molecular rotation of pentaacetyl-p-gulose with the molecular rota- 
tions of some configurationally related substances may be used for the 
tentative assignment..of structure ‘to the compound: Thus [M]p of 
hexaacetyl-p-glycero-a-p-gulo-aldoheptopyranose minus [M]> of methyl 
pentaacetyl-p-glycero-a-p-gulo-aldoheptopyranoside should equal [M]p 
of pentaacetyl-a-p-gulopyranose minus [Af] p of methyl tetraacetyl-a-p- 
gulopyranoside. a. Ceo ; 

Unfortunately, two values are reported in the literature for the 
molecular rotation of methyl pentaacetyl-p-glycero-a-p-gulo-aldo- . 
heptopyranoside. One of these was obtained for a product derived by 
application of the Koenigs-Knorr reaction to pentaacetyl-p-glycero- 
8-p-gulo-aldoheptopyranosy] chloride [12] and the other for a produet — 
derived by acetylation of. crystalline methyl. p-glycero-a-p-gulo- 
aldoheptopyranoside [6]. It is of interest to calculate the optical 
rotation of pentaacetyl-a-p-gulopyranose from the relation indicated . 
above by the use of each of the two values for the molecular rotation of 
methyl pentaacetyl-p-glycero-a-p-gulo-aldoheptopyranoside. The fol- 
jowing values of [M!]p are employed: ‘, 

. Hexaacetyl-p-glycero-a-p-gulo-aldoheptopyranose_.._. + 40,250 [11] 
Meth yl pentaacetyl-p-glycero-a-p-gulo-aldoheptopy- {tT 39,550 ha ; 

: + 46,650 [6] 

+35,250 [22] 
These values give a molecular rotation for pentaacetyl-a-p-gulopyra- — 
nose of +35,950.based on the: value of Haworth, Hirst, and Stacey 
(12], and of +28,850. based:on the value of Isbell and Frush [6]. They 
correspond to specific rotations of +92.1° and +-73.9°, respectively, 
in comparison with the observed specific rotation of +86.2°. The 
observed rotation lies sufficiently close to the calculated rotations to 
warrant the tentative assignment of the alpha pyranose structure. 
to the crystalline pentaacetate of gulose. The difference in the values 
may arise from the different ring conformations previously suggested 
by us as a possible explanation of.other discrepancies in the optical: 
rotations of substances in the gulose and p-glycero-p-gulo-aldoheptose. 
series [6, p. 134]. : - ie 


_-_-——- 
’ The structure shown here is to be considered as tentative. 
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Acetylation of a-p-gulose.CaCl,.H,O with acetic anhydride and sulfuric 
acil.—Ten grams of finely powdered a-p-gulose.CaCl,.H,O was added 
to a previously cooled mixture of 60 ml of acetic anhydride and 2.5 ml of 
concentrated sulfuric acid.. The mixture was kept in.an ice bath and 
stirred for 24 hours. After an additional 24 hours at reom tempera. 
ture the mixture: was poured into ice water and the product wa; 
extracted with benzene. The benzene solution: was washed with 
water, dried, and concentrated to a sirup. By extraction of the sirup 
with hot water and evaporation of the water solution, a small quantity 
of crystalline gulose pentaacetate was obtained.’ This material was 
used for seeding the sirups obtained by the zinc chloride method. 

Acetylation of a-p-gulose.CaCl;.H,O with. acetic anhydride-and zing 
. chloride—Ten grams of finely powdered a-p-gulose-CaCl,.H,0 was 
added to 50 ml of ice-cold acetic anhydride containing 15 g of anhydrous 
zine chloride and 20 g of dry sand. - The mixture was placed in an ice 
bath and stirred until the gulose calcium chloride went into-solutio: 
(24 hr). The solution was then poured into ice water and the product 
was extracted with chloroform. The.chloroform solution was washe( 
with water and dried with sodium sulfate. On evaporation it- gave « 
nearly colorless sirup which was diluted with 20 ml of secondary amy! 
alcohol and seeded with ‘crystalline gulose pentaacetate. The solv- 
tion was placed in a refrigerator and was allowed to stand until 
crystallization was complete, after which the crystals were separate: 
and washed with amyl alcohol. The yield by this procedure varie: 
from 1 to 4 g, and efforts to obtain higher yields and more consistent 
results were unsuccessful. nae 
' ‘In order to obtain a larger quantity of the acetate, 150 g of a-p- 
gulose:CaCl,.H,O was treated with 700 ml of acetic anhydride and 
225 g of freshly fused zinc chloride. The mixture was mechanically 
stirred at 0° C for 5 days, and at room temperature for 5 days, and 
then poured with stirring into 8 liters of ice and water. The prodiict 
was extracted with benzene and the benzene solution was washe( 
with water, dried, and concentrated under reduced eae to 2 
sirup. The sirupy acetate was dissolved in 10 liters of boiling water: 
the solution was cooled, seeded with the crystalline acetate, and 
allowed to evaporate in air at room. temperature. As evaporation 
proceeded, large crystals grew in the solution and a thin layer of 
sirupy acetate formed on the surface of the liquid. From time to 
time this layer was mechanically removed to avoid mixing with the 
crystals. Ultimately a total of 50 g of the crystalline gulose penta- 
acetate was separated from the liquid in the form of transparent 
hexagonal plates, some of which were ‘nearly one-fourth inch in 
diameter. 

When the compound was recrystallized from warm ethyl alcoho! 
it formed slender needles (mp, 113° C, [a]?,+86.2°). However 
the needle crystals (fig. 2, A) were unstable and upon standing, or 
occasionally even during separation by filtration, changed to chunky 
truncated prisms (mp, 105° to 106° C; fig. 2, B). Because of the 
difficulty in obtaining a single crystalline modification, alcohol was 
abandoned as asolvent, and the acetate was recrystallized from water 


7"—_OioooOCOO- . ° 
* This compound was first crystallized in 1931, but was not closely investigated. The melting point of on 
form arid the optical rotation were reported on page 736 of reference [10b]. 
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Photomicrographs of new compounds, 
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Figuke 2. Photomicrographs of neu compounds 


1, Pentaacetyt-p-gulose (needle form); B, perttaacetyl-D-gulose (prismatic form); C, pemtaacety tt 
heptulose; D, octaacetyllactulose; F), octaacetyllactulose (erystallized in motion: 
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The material. was dissolved in hot water and the solution was concen- 
trated in vacuum to approximately one-fourth of its volume. On 
~ooling, it yielded exclusively the modification melting at 105° to 
106°C. [al]? = + 86.2° (chloroform, c=2). “3 68 : 
Analysis: Caleulated for C,)gH20i,: C, 49.23; H, 5.68; CH;CO; 55.14. 
Found for the needle crystals (mp, 113° C): C, 49.3; H, 5.6. Found 
for the prismatic crystals (mp, 105° to 106° C): C, 49.4; H, 5.6; 
CH,CO, 55.3. 
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Prier te this inyestigation, Austin [23] had reported the preparation 
of hexaacetyl-a-p-glucoheptulopyranose from the corresponding sugar 
by the sodium acetate method of acetylation. It was expected that . 
ihe same acetate would be formed by application of the milder pyri-. 
dine method. However, the crystalline product obtained by the 
latter method proved to be a mixture from which has been isolated, 
in addition to hexaacetyl-a-p-glucoheptulose, a new pentaacetate and 
a crude fraction having an optical rotation lower than that of either. 
Acetylation of the new pentaacetate gave the previously known 
Lounanetihl-onarientia aniline. Hence the pentaaeetylgluco- 
heptulose has the pyranose ring. 

The pyranose modifications of p-glucoheptulose and p-sorbose have 
the same configuration for the atoms comprising the ring, but differ 
in that the heptose has a CH,OH group attached: to carbon 6 in place 
of a hydrogen atom. By acetylation of sorbose under approximately 
the same conditions used in acetylating p-glucoheptulose, a tetraace- 
tate having. a free glycosidic hydroxyl group is formed [24]. By 
analogy, one might expect ‘the new compound of glucoheptulose to 
have a free hydroxyl group on carbon 2 and to be 1,3,4,5,7-pentaacetyl- 
p-glucoheptulose. Assuming that the glycosidic hydroxy] is free, an 
indication of the configuration of the glycosidic carbon may be gained 
through a comparison of.molecular rotations. By application of 
Hudson’s isorotation principle to the molecular rotations of methyl 
tetraacetyl-a-p-sorbopyranoside (+19,050) [24]; 1,3,4,5-tetraacetyl- 
a-pD-sorbose (+7,400) [24],’° and methyl pentaacetyl-a-p-gluco-heptu- 
lopyranoside (+34,100) [23], the molecular rotation of 1,3,4,5,7- 
_pentaacetyl-a-p-glucoheptulose is calculated to be +22,450. This_ 
value corresponds to a specific rotation of +53.4°, in comparison ~ 
with the observed value of +45.9°. The agreement between the 
observed value and the calculated rotation is not sufficiently close to 
warrant a definite assignment of structure, although the compound 
is probably 1,3,4,5,7-pentaacetyl-a-p-glucoheptulose: The assign- 
ment of the acetyl groups -to definite positions, however, is left to 
future investigation, and the compound is designated merely as. 
pentaacetyl-p-glucoheptulopyranose. 

"* Structure fs tentative. 


The molecular rotations of the p-sorbose derivatives: were derived from those of the corresponding 
derivatives of L-sorbase. ; 
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Acetylation of v-glucoheptulose——Twenty grams of powdered » 
glucoheptulose was added to 92 ml of.acetic anhydride and 140 ml of 
pyridine, previously cooled to 0° C.. The mixture was stirred at 0° ( 
for 3 days and at room temperature for 2 days.. It was then poured 
with stirring, into ice water and the produce was extracted with chlon. 
form. The chloroform solution was concentrated in vacuum to 4 
thiek sirup, which was. brought to crystallization by the addition o 

ether and petroleum ether. The crude acetate weighed about 30, 
and the melting point was approximately 80° C. The material, 
which proved to be a mixture, was recrystallized several times frow 
50-percent aqueous alcohol. During this process some slender pristis 
were obtained which had a specific rotation of +48°. They wer 
obviously different from the previously known hexaacetate, which 
crystallizes in silky needles and has a specific rotation of +87° 
Aqueous alcohol did not appear to be a suitable solvent for the sepe- 
ration of the acetates, but after numerous crystallizations from carbo 
tetrachloride, and‘ determinations of optical rotation, the material 
was separated into three fractions consisting of the previously known. 
hexaacetyl-a-p-glucoheptulose, a new pentaacetate, and a fraction 
having a specific rotation lower than that of either (+10°). Th 
new pentaacetate crystallizes in slender prisms (fig. 2, C), which melt 
at 114° to 115° C. [a]?=-+45.9° (chloroform, c=4). . 

Analysis: Calculated for C,;H,,O,.: C, 48.57; H, 5.74; CH;CO, 51.2%, 
Found: C, 48.4; H, 5.6; CH;CO, 51.4. 

To show the relation of the new pentaacetate to the previously 
known hexaacetate, 1 g of the pentaacetate was acetylated at roow 
temperature with 6 ml of ‘acetic anhydride and 7-ml of pyridine. The 


product crystallized when ig into i¢e water with stirring. After 


recrystallization from alcohol, the compound gave a specific rotation 
of +86° in comparison with a specific rotation of +87° for hexaacety'- 
a-p-glucoheptulose. The pentaacetate therefore appears to be 
derivative of the pyranose modification of the sugar. 
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The ketose obtained from lactose by means of the Lobry de Bruyz- 
Van Ekenstein interconversion reaction ‘was first prepared by Mont 
gomery and Hudson and called lactulose [25]. In a previous publics 
tion from this laboratory [26] data were presented that indicate tha! 
lactulose crystallizes from solution in the form of a furanose modificé 


u Formula is tentative. 
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tion. The crystallization of a furanose from a pyranose-furanose 
equilibrium mixture is unique, and confirmation of the furanose 
structure is desirable. The-determination of the structure of a cry-° 
stalline sugar is complicated by the fact that isomeric changes take 
place on dissolution. During acetylation with pyridine -and acetic 
anhydride at low temperatures, isomeric changes occur to only a . 
limited degree, and the product usually contains ‘the same modifica- 
tion as the parent sugar. Acetylation of finely powered lactulose 
with pyridine gave a crystalline octaacetate. As the parent sugar’ 
has been shown to be a furanose, it is. probable ‘that the acetate is a’ 
furanose derivative. Data are not available for calculating the opti- 
eal rotation of the furanose acetate, but comparisons with certain. 
pyranose derivatives appear to indicate that the compound is not a 
pyranose. The molecular rotation of octaacetyl-a-lactulopyranose 
may be calculated from the molecular rotations of octaacetyl-a-lactose 
(+36,400) [27]; pentaacetyl-a-p-glucopyranose (+39,700) [28], and 
of pentaacetyl-a-p-fructopyranose (+18,500) [29], to be +15,200. 


This value corresponds to a specific rotation of +22.4°. From the _ ; 


moleeular rotations of the corresponding beta compounds (octaacetyl- 
8 lactose (—3,200) [27], pentaacetyl-8-p-glucopyranose (+ 1,500) [28], 
and pentaacetyl-8-p-fructopyranose (—47,200) [30]), the specific ro-- 
tation of octaacetyl-8-lactulopyranose is calculated to be —76.5°. 
Hence the specific rotation of our acetate, —6.6°, does not agree with 
either of the rotations calculated for the pyranose derivatives. Al- 
though it seems possible that the compound, like the parent sugar, is 
a furanose derivative, assignment of a definite structure is not at- 
tempted at this time. : aes 

Preparation of octaacetyllactulose.—Twenty grams of finely pow- 
dered crystalline lactulose was acetylated at approximately —15° C. 
with a mixture consisting.of 92 ml of acetic anhydride and 140 ml of 
pyridine. After 2 days the reaction mixturé was poured into ice 
water and the product was extracted with chloroform. The chloro- 
form extract was concentrated in a vacuum still, and the sirupy residue 
was dissolved in acetone. The acetone solution was concentrated to a 
sirup, from which a crystalline product was obtained by the. addition 
of ethyl alcohol. The new acetate formed mats of long hair-like 
crystals (fig. 2, D) which ‘were difficult to separate by filtration. 
However, when the substance was allowed to crystallize slowly and 
inmotion from hot ethyl alcohol, or from hot water, it formed short 
needles (fig. 2, #) which could: be separated easily. The acetate, 
When dry, readily acquired an electrostatic charge, fand tended to 
scatter. After several recrystallizations from hot ethyl alcohol, it 
melted at 138° C. [a]?=—6.6° (chloroform, c=4). These constants 
were unchanged by further recrystallization¥from {ethyl alcohol,’ 
isopropyl alcohol, carbon tetrachloride, or water. 

Analysis: Calculated for C,,H;O,,: C, 49.56; H, 5.64; CH,CO, 
50.75. Found: C,'49.5; H, 5.5; CH,CO, 50.9. post: i 


The authors express their appreciation to Kenneth Fleischer for 
making the carbon, hydrogen, acetyl, and methoxyl determinations 
reported in this paper. : 
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